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FOREWORD 


This  volume,  published  with  the  support  of  the  Air  Force  Flight  Dynamics 
Laboratory,  contains  the  proceedings  of  the  Fifteenth  Annual  Conference  on 
Manual  Control  held  at  Wright  State  University,  Dayton,  Ohio  from  March  20 
through  22,  1979.  All  papers  presented  at  the  meeting  are  represented  in 
this  volume.  Either  complete  manuscripts  as  provided  by  the  authors  or 
abstracts  are  printed.  Both  formal  and  informal  papers  were  presented,  as 
indicated  in  the  Table  of  Contents. 


This  was  the  fifteenth  in  a  series  of  conferences  dating  back  to 
December  1964.  These  earlier  meetings  and  their  proceedings  are  listed 
below: 

First  Annual  NASA-University  Conference  on  Manual  Control,  The 
University  of  Michigan,  December  1964.  (Proceedings  not  printed.) 

Second  Annual  NASA-University  Conference  on  Manual  Control, 

Massachusetts  Institute  of  Technology,  February  28  to  March  2,  1966, 

NASA  SP-128. 

Third  Annual  NASA-University  Conference  on  Manual  Control,  University 
of  Southern  California,  March  1-3,  1967,  NASA  SP-144. 

Fourth  Annual  NASA-University  Conference  on  Manual  Control,  The 
University  of  Michigan,  March  21-23,  1968,  NASA  SP-192. 

Fifth  Annual  NASA-University  Conference  on  Manual  Control, 

Massachusetts  Institute  of  Technology,  March  27-29,  1969,  NASA  SP-215, 

Sixth  Annual  Conference  on  Manual  Control,  Wright-Patterson  AFB, 

April  7-9,  1970,  proceedings  published  as  AFIT/AFFDL  Report,  no  number. 

Seventh  Annual  Conference  on  Manual  Control,  University  of  Southern 
California,  June  2-4,  1971,  NASA  SP-281. 

Eighth  Annual  Conference  on  Manual  Control,  University  of  Michigan, 

Ann  Arbor,  Michigan,  May  17-19,  1972,  AFFDL-TR-. 2-92. 

Ninth  Annual  Conference  on  Manual  Control,  Massachusetts  Institute 
of  Technology,  May  23-25,  1973,  proceedings  published  by  MIT,  no  number. 

Tenth  Annual  Conference  on  Manual  Control,  Wright-Patterson  AFB,  April 
9-11,  1974,  proceedings  published  as  AFIT/AFFDL  Report,  no  number. 

Eleventh  Annual  Conference  on  Manual  Control,  NASA-Ames  Research  Center, 
May  21-23,  1975,  NASA  TM  X-62,464. 

Twelfth  Annual  Conference  on  Manual  Control,  University  of  Illinois, 

May  25-27,  1976,  NASA  TM  X-73,170. 
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Thirteenth  Annual  Conference  on  Manual  Control,  Massachusetts  Institute 
of  Technology,  June  15-17,  1977,  proceedings  published  by  MIT,  no  number. 

Fourteenth  Annual  Conference  on  Manual  Control,  University  of  Southern 
California,  Los  Angeles,  CA,  April  25-27,  1978,  NASA  CP-2060. 
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DEMON:  A  HUMAN  OPERATOR  MODEL  FOR 


DECISION  MAKING,  MONITORING  AND  CONTROL 


Ramal  Muralidharan  and  Sheldon  Baron 


Bolt  Beranek  and  Newman  Ino. 
50  Moulton  Street 
Cambridge,  MA 


ABSTRACT 

This  paper  describes  application  of  a  decision-making,  monitoring  and 
control  model  (DEMON)  for  the  human  operator  to  a  task  Involving  control  of 
Remotely  Piloted  Vehicles  (RPVs) .  The  DEMON  model  Is  an  extension  of  the 
Optimal  Control  Model  (OCM)  of  the  operator  derived  by  infusing  decision 
theoretic  notions  into  the  basic  OCM  structure.  The  resulting  model  is  designed 
to  treat  situations  in  whioh  control  aatlons  may  be  infrequent  and  monitoring 
and  decision-making  are  the  operator's  main  tasks. 

The  analysis  of  this  problem  Illustrates  some  of  the  major  considerations 
in  applying  DEMON  to  oomplex,  supervisory  oontrol  problems.  It  shows  that  with 
fairly  straightforward  assumptions  about  the  operator's  task,  DEMON  will  give 
reasonable  predictions  of  performance.  However,  the  model  results  are  not 
compared  with  aotual  data  so  DEMON  is  presently  unvalidated. 

1 .  INTRODUCTION 

This  paper*  describes  application  of  a  decision  making,  monitoring,  and 
oontrol  model  (DEMON)  for  the  human  operator  to  a  Remotely  Piloted  Vehicle  (RPV) 
en  route  oontrol  task.  The  task  modelled  is  a  simplified  version  of  a  simulated 
RPV  mission  [1,2],  It  retains  many  of  the  cognitive  aspects  of  the  full 
simulation  but  differs  in  several  details,  particularly  with  respect  to  the 
operator/system  interface.  Thus,  it  allows  us  to  develop  an  understanding  of 
the  modelling  approach  without  undue  complication. 

The  DEMON  model  is  an  example  of  the  so-called  top-down  or  analytic 
approach  to  human  performance  modelling.  Suoh  an  approach  begins  with  a 
mathematical  characterization  of  the  task  including  the  overall  goals  and  the 
criteria  for  good  performance.  Then,  one  attempts  to  develop  the  assumptions 
about  the  human  operator  and  the  system  that  are  necessary  and  sufficient  to 


*  The  research  reported  here  was  supported  by  AFOSR-AMRL  under  contract 
F44620-76-C-0029. 
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characterize  performance  in  relation  to  the  parameters  of  interest  to  system 
designers , 

DEMON  does,  in  faot,  have  Its  foundation  in  control  theory  and  in 
statistical  estimation  and  deoision  theory.  In  particular,  it  draws  heavily  on 
the  information  processing  model  implioit  in  the  optimal  control  (OCM)  model  of 
the  human  operator  (see,  e.g.,  [3]  for  a  recent  review  of  the  OCM).  To  this 
information  processing  structure  is  added  a  decision-making  structure  for 
modelling  discrete  monitoring  and  control  deoiaions  and  a  structure  for 
computing  continuous  oontrol  aotions. 

The  deoision  making  struoture  in  DEMON  embodies  the  oonoept  of  expeoted  net 
gain  (ENQ),  whioh  is  used  as  a  criterion  for  making  a  rational  ohoioe  among 
alternatives.  The  expected  net  gain  ENO  from  a  particular  aotion  is  obtained  by 
subtracting  the  oost  of  that  aotion  from  its  expeoted  gain.  The  expeoted  gain 
itself  is  the  difference  between  the  expeoted  oost  of  events  when  no  aotion  is 
taken  and  the  expeoted  oost  of  events  that  may  ariae  after  this  aotion.  The 
rational  choice  is  to  seleot  that  aotion  whioh  has  the  greatest  ENQ. 

The  DEMON  modelling  approach  views  the  human  (en  route)  operator  as  an 
element  in  a  olosed-loop  oontrol  system,  as  shown  in  the  blook  diagram  of 
Figure  1.  The  elements  in  this  diagram  are  described  in  [4]. 


Fig.  1  DEMON  View  of  RPV  Control  Problem 
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2.  APPLICATION  OF  'DEMON*  TO  A  SIMPLIFIED  RPV  CONTROL  PROBLEM 


2.1  System  Description 

In  developing  and  demonstrating  the  DEMON  model  in  the  RPV  context  we 
decided  that  it  would  be  moat  efficient  to  consider  a  simplified  version  of  the 
problem.  The  version  used  in  this  study  is  discussed  below.  A  more  complete 
and  general,  system  model  for  DEMON  application  is  given  in  [2,4]. 

2.1.1  Flight  Plan 

RPV's  are  launahed  aa  triads  consisting  of  strike  (S),  electronic 
countermeasure  (E) ,  and  reoonnaiaaanoe  (L)  vehioles.  Nominal  flight  plans  for 
eaoh  triad  of  RPVs  are  shown  in  Figure  2.  The  S-vehlole  is  launched  first 
followed  by  an  E-vehiole  and  an  L-vehiole  forty- five  seconds  apart.  The  flight 
plans  are  suoh  that  the  E-vehiole  arrives  in  the  terminal  area  first,  fifteen 
seoonds  ahead  of  the  S-vehicle  and  90  seconds  ahead  of  the  L-vehlale.  All  of 
the  flight  plans  oontain  preprogrammed  turns  as  shown.  The  duration  of  the  en 
route  phase  of  the  mission  is  about  1200  seoonds. 

In  most  of  our  simulations  there  will  be  six  RPVs,  two  triads,  to  oontrol 
during  the  oourse  of  the  mission.  The  seoond  triad  will  be  launched 
sequentially  as  above,  135  seoonds  after  launoh  of  the  first  triad.  Nominal 
pop-up  and  hand-off  times  for  the  six  RPVs  are  seleoted  to  aohieve  the  mission 
objeotives  with  the  given  flight  plan.  The  nominal  flight  plan  was  seleoted  so 
that  all  RPVs  exoeed  the  tolerable  LATDEV  errors  of  1500  ft.  Moreover,  if 
uncorreated,  ETA  errors  for  RPVs  1,2,4,  and  6  would  also  exoeed  the  15  seo 
(1.0125  x  10^  ft.)  tolerance  required  for  proper  sequencing. 

2.1.2  State  Equations 

We  wish  to  desoribe  the  manner  in  which  RPVs  deviate  from  the  nominal 

flight  plans  and  how  they  are  controlled  so  as  to  keep  these  deviations  small. 

A  description  that  is  completely  faithful  to  the  full  simulation  requires  four 
state  variables  per  RPV  as  shown  in  Figure  3  and,  given  present  program 
constraints,  seriously  limits  the  number  of  RPVs  that  oan  be  considered  in  a 

single  DEMON  simulation.*  We,  therefore,  ohose  a  simpler  model  for  describing 

deviations  from  nominal.  In  Figure  3  let  E  denote  the  desired  RPV  position  and 
P  the  aotual  position  at  time  t  so  that 

xi  s  ground  speed  (ETA)  error  in  feet 

x2  s  LATDEV  error  in  feet 


•  One  oan,  after  some  manipulation  reduoe  the  number  of  states  to  throe  ,by 
considering  equations  for  speed,  oroas- track  and  heading  errors. 
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Fig.  2  Flight  Plan  for  a  Triad  of  RPVa 

Then ,  we  set 

*l(t)  =  u^(t)  +  w^(t) 

*2(  t)  a  Ug( t)  +  Wg(t) 


Fig.  3  Choioe  of  Co-ordinates  for  System  Equation 

where  u-j  ( t '  and  ug(t)  are  oontrol  inputs  to  be  seleoted  by  the  operator  and 
W|(t)  and  W2(t)  are  disturbances  oausing  flight  plan  errors. 

The  oontrol  variables  are  defined  in  a  manner  whloh  retaLns  some  of  the 
coupling  between  ETA  errors: 


ui(t)  s  o 

=  Voos<f>(  t)-V 


if  no  patch  is  in  effeot 
otherwise 


Uj>(t)  =  0 

s  Vsin<j>(t) 


if  no  LATDEV  patch  is  in  effeot 
otherwise 


(3) 


where  V  is  the  true  airspoed,  ■  675  ft/seo  is  the  nominal  speed  and  (j>(t)  is  a 
pseudo  "heading"  given  by 

♦  (t)  s  tan-1  ( xz C t ) /x-i  ( t) )  (4) 


Equations  (1)-(3)  are  shown  for  a  single  RPV.  Similar  equations  govern  the 
flight  of  the  other  RPVs.  The  operator's  patch  commands  then  correspond  to 
seleoting  a  change  in  velocity  or  heading  so  aa  to  eliminate  perceived  errors. 
The  possible  ohanges  are  limited  by  vehiole  constraints  on  speed,  viz. 


420  ft/seo  a  Vmin  <  V  <  Vmax  *  800  ft/sec  (5) 

and  on  turn  radius,  Rmin  a  528O  ft.  " 


The  disturbances  are  constant  over  any  leg  of  the  flight  plan,  but  a  new 
oonstant  is  chosen  after  each  turn.  The  values  for  these  constants  were  ohosen 
randomly  to  be 


(6) 


w-|  =  -6  ft/sea  or  +  .3  ft/seo  with  equal  probability 

w2  =  +  8  ft/seo  with  equal  probability 

in  each  leg  for  our  basic  investigations.  Onoe  the  pseudo-random  sequence  of 
errors  was  selected  it  was  kept  fixed  for  all  remaining  parametric 
investigations. 

2.1.3  Displays 

We  assume  a  very  simple  display  configuration.  A  menu  display  (M)  provides 
ground  speed  error  and  a  status  display  (S)  provides  LATDEV  error.  On  either 
display  the  information  is  available  for  only  one  RPV  at  a  time.  Thus,  in  any 
frame,  the  operator  oan  only  determine  either  ground  speed  error  or  LATDEV  error 
for  a  single  RPV. 

We  also  assume  that  there  are  reporting  errors  associated  with  the 
displayed  quantities.  Thus,  the  menu  and  status  displays  provide,  for  the 
seleoted  RPV,  noisy  information  on  the  states; 

MENU:  yi  s  x1  +  vyi 

STATUS:  y2  =  x2  +  Vyg 

The  reporting  errors  Vy,  and  Vy  are  assumed  to  be  white  noise  sequences  with  an 
autooovarianoe  that  soales  witrr  the  mean-squared  level  of  the  measurement. 

2.2  Mathematical  Details  of  the  DEMON  RPV  Operator  Model 

The  essenoe  of  the  top-down  approaoh  is  to  oharaoterize  the  mission  goals 
and  oriteria  for  good  performance  in  a  manner  that  allows  one  to  prediot 
operator  strategies  and  overall  system  performance,  In  the  DEMON  model,  this 
implies  selecting  oriteria  that  oan  be  translated  into  appropriate  monitoring 
and  oontrol  (patohing)  strategies.  In  this  aeotion  we  discuss  these  oriteria 
and  strategies,  which  are  the  prime  concern  of  this  study,  in  relation  to  the 
problem  described  above.  Other  elements  of  the  DEMON  operator  model  shown  in 
Figure  1  are  also  disoussed  with  respect  to  the  specific  application  being 
considered. 
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2,2.1  Information  Processor 


The  information  processing  portion  of  DEMON  is  drawn  directly  from  the  OCM 
which  has  been  documented  extensively  [3].  i 

The  estimate  x  is  the  conditional  mean  of  x  based  on  the  observations.  j 

This  quantity  and  the  variance  of  the  estimation  error  provide  a  sufficient 
statistic  for  specifying  the  subjective  probability  distribution  of  x,  given  the  i 

assumptions  we  have  made  It  oan  be  shown  that  patching  (u)  affects  the  mean  of 
the  subjeotive  distribution  whereas  monitoring  affects  both  the  mean  and  the  I 

uncertainty.  j 

The  initial  state  esbLmate  and  uncertainty  are  parameters  of  the  model  that  i 

describe  the  operator's  initial  knowledge  of  the  state  of  the  system.  These  j 

parameters  become  less  significant  with  increasing  time.  The  covariance  WOM  is  ] 

also  a  parameter.  It  describes  the  rate  at  whioh  the  operator's  uncertainty  ) 

grows  with  time  in  the  absence  of  ar.y  additional  information.  This  parameter  \ 

relates  to  the  operator's  expectations  oonoerning  the  disturbances  perturbing  ;! 

the  path  as  determined  from  instructions  or  through  training. 

,t 

2.2.2  Monitoring  Strategy  j 

I 

Prior  to  a  frame  update  when  new  information  beoomes  available,  the 
operator  must  deoide  whioh  display  to  monitor  (and  perhaps  act  upon)  in  the  next  \ 

frame.  Because  there  are  two  separate  displays  for  ETA  and  LATDEV  for  eaoh  of  j 

the  N  RPVs  and  beoause  the  operator  may  choose  to  do  something  else,*  there  are  j 

2N+1  alternatives  among  whioh  to  ohoose.  We  assume  the  operator's  ohoioo  is  a  1 

rational  one  governed  by  his  expeotations  as  to  the  system  behavior,  his  goals  ,J 

and  priorities,  and  his  instruotions.  For  example,  performance  priorities  for  ; 

the  operator  to  aohieve  miasion  objeotives  in  the  full  RPV  study  [1]  were:  i)  j 

pop-up  (down)  in  good  time  sequenoe,  ii)  minimise  ETA  error  at  hand-off,  ill) 
time  phased  RPV  arrivals,  iv)  minimize  lateral  deviation  errors,  v)  minimize 
command  trafl’Lo  (allow  for  possible  "Jamming"),  and  vi)  minimize  missed  strikes.  j 

The  mission  factors  may  be  incorporated  in  an  oxpeoted  net  gain  criterion 
of  the  form 

ENOM(i)  a  CtPi  -  CMi  i  ii1,2,...,2N 

Here  the  oonstant  is  the  oost  associated  with  the  event  that  the  state  x-^ 
exceeds  .some  "tolerable"  threshold  TM^ ,  while  P*  is  the  subjeotive  probability 
of  this  event.  As  stated  earlier,  the  information  prooesaor  provides  the 
subjeotive  probability  distribution  for  the  states  x^  of  the  RPV  system  under 
oonsidwration ,  and,  henoe,  the  P^. 


*  For  example,  monitor  other  RPV's  not  aooounted  for  in  the  basio  state  space 
model  in  DEMON,  suoh  as  those  on  the  return  list. 
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The  constant  CM|  is  the  action  cost  of  monitoring  the  display  y^.  Assuming 
that  only  a  single  displayed  variable  is  selected  for  monitoring  at  a  given 
time,  the  operator  would  monitor  that  yj_  which  has  the  greatest  (positive) 
ENGM(i)  associated  with  it.  If  none  of  the  ENGM(i)  is  positive,  no  yj  will  be 
monitored  at  that  time  which  corresponds  to  the  operator  doing  "other  things". 

The  parameters  in  the  expression  for  the  expeoted  net  gain  from  monitoring 
are  the  threshold,  TM^,  associated  with  the  P^,  and  the  costs  and  CM^.  These 
are  the  quantities  that  refleat  mission  objectives,  etc. 

There  is  considerable  flexibility  and  some  redundancy  with  respeot  to 
ohoioes  among  these  parameters.  In  particular,  there  is  no  requirement  that 
they  be  constant  in  time.  Thus,  we  oan  allow  the  monitoring  thresholds  to 
shrink  linearly  (or  nonlinearly)  with  time  to  reflect  the  faot  that  a  deviation 
of  a  given  magnitude  is  much  more  important  near  pop-up  than  It  is  at  launch. 
Alternatively,  the  threshold  oould  be  oonstant,  refleoting  an  equal  oonoern  for 
errors  throughout  the  mission.  The  relative  magnitudes  of  Ci  (or  CMi)  may  be 
chosen  to  emphasise  the  relative  importance  of  ETA  over  LATDEV  or  of  one  RPV 
(say  a  strike)  over  another. 

The  CMi  oan  a^so  b®  U8ec*  aooount  for  the  importance  or  priority 
associated  with  pop-up  or  hand-off.  This  is  aooomplished  by  letting  CM^  ■ 
CMi0  -  CMPi  -  CMHi  .  Here,  CM^q  is  a  oonstant,  refleoting  some  basic  monitoring 
cost  that  is  fixed  during  the  en  route  phase.  CMP^  is  ohosen  to  be  zero  from 
launoh  until  Tp  seconds  prior  to  the  soheduled  pop-up  time  Tp  at  whioh  time  it 
takes  on  a  positive  value.  This  value  of  CMP^  is  kept  oonstant  until  pop-up  is 
completed.  Similarly  CMHj,  has  a  value  of  zero  until  seconds  prior  to 
scheduled  hand-off  at  whioh  time  it  ia  given  a  positive  value  whioh  is 
maintained  until  hand-off  Is  oomplete.  Note  that  the  quantities  xp  and 
refleot  operator  preferences  and/or  Instructions  with  respeot  to  pop-up  and 
hand-off. 

2.2.3  Patching  Strategy 

By  a  patohing  strategy  we  mean  the  rational  deoislon  whether  or  not  to 
Issue  a  pop-up,  hand-off  or  a  patoh  (ETA  or  LATDEV)  command.  The  patohing 
strategy  will  depend  on  the  monitoring  strategy.  For  example,  in  the  present 
implementation  we  assume  that  monitoring  ETA  is  essential  for  making  a  velooity 
patoh  and  that  monitoring  LATDEV  is  essential  for  making  a  LATDEV  patoh.  It  is 
assumed  that  pop-up  or  hand-off  of  an  RPV  may  be  done  while  monitoring  either  of 
its  associated  displays. 

Just  as  for  monitoring,  we  assume  that  the  decision  to  patoh  is  made  on  the 
basis  of  criterion  funotions  that  refleot  mission  goals,  etc.  Given  that  the 
operator  is  looking  at  the  status  display,  the  ohoioe  of  a  LATDEV  patoh,  pop-up 
or  hand-off  oomnand  will  depend  on  the  expeoted  net  gain  associated  with  these 
oommands,  We  define  the  expected  net  gain  associated  with  each  of  his  possible 
patoh  aotions  by  the  following: 
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ENGL(i)  =  CLi(x2i)2  -  CLK^ 

ENGP(i)  r  CPi  exp( t-Tp+Xp)  [exp(2tp)-1 ] 

ENGH(i)  a  CHi  exp(t-TH+TH>  [exp(2tp)-1] 

The  rationale  for  seleoting  the  LATDEV  patching  oriterion  ENGL(i)  ia  as  follows: 
CLj.(x2i)2  is  a  measure  of  the  oost  of  the  lateral  deviation  x2i  of  the  i-th  RPV 
from  its  flight  plan.  The  purpose  of  a  LATDEV  patch  is  to  reduoe  Athe  lateral 
deviation  x2j,  to  zero.  It  oan  be  shown  that,  given  the  estimate  x2£  and  its 
uncertainty,  the  operator's  expected  gain  from  patohing  is  simply  CLi(x2i2). 
As  in  the  case  for  monitoring,  this  potential  gain  must  be  balanoed  against  a 
patohing  cost  and  this  is  reflected  in  the  CLKi*  A  reasonable  oholoe  seems  to 
be  to  have  the  CLK*  deoreaae  with  time.  Rewriting  ENGL(i)  s  CLj[[x2i)2  -  TL?], 
where  TLf  a  CLKj./CLi,  we  may  use  the  LATDEV  objective  of  the  mission  to  seleot 
the  value  TL^  at  hand-off.  The  value  of  TLj.  at  launoh  is  then  a  parameter  to  be 
selected. 

Turning  now  to  ENGP(i),  the  quantities  Tp  and  were  explained  earlier 
while  disoussing  the  monitoring  strategy.  Note  that  the  expression  [exp 
(2tp)-1]  is  inoluded  to  aooount  for  the  two-frame  (2tp0  duration  required  for  a 
pop-up.  CPi  exp(t-Tp+  p)  is  the  assumed  oost  of  missing  a  pop-up  where  the 
oonstant  CPj.  behaves  similarly  to  CMP^  dlsouased  earlier.  That  is,  it  has  a 
value  zero  until  Tp  seoonds  prior  to  pop-up  at  which  time  it  takes  on  a  positive 
oonstant  value  until  pop-up  is  completed.  Although  this  positive  oonstant  may 
be  used  as  a  parameter  of  the  model,  we  may  also  choose  CPj  by  rationalizing  the 
oost  of  missing  a  pop-up  against  that  of  losing  an  RPV  beoause  of  exoessive 
LATDEV,  i.e.  by  setting  the  oosts  equal  and  solving  for  CP*.  Of  course,  the 
same  arguments  apply  to  the  ENQH(i). 

The  identioal  problem  faoes  the  operator  when  viewing  the  menu  display; 
only  here  the  ENG  from  a  velooity  patoh  must  be  compared  with  ENGP(i)  and 
ENGH(i).  The  expeoted  net  gain  for  a  velooity  patch  is  defined  analogously  to 
that  for  a  LATDEV  patch,  namely  by 

ENGV(i)  c  CVi  (x2i.i/Vi)2  -  CVKi  »  CVil (x21-1 /Vi)2  -  TL? 
with  the  ohoioe  of  CVj,  and  CVK*  governed  by  similar  considerations. 

In  summary,  while  monitoring  LATDEV,  based  on  his  expectations  the  human 
operator  (in  the  DEMON  implementation)  will  deoide  to  pop-up,  hand-off  or  do  a 
LATDEV  patoh  depending  on  whioh  of  the  expected  net  gains  is  most  positive.  If 
none  of  them  ia  positive  he  will  not  patoh,  pop-up,  or  hand-off.  Note  that  his 
deoislon  not  to  patoh  may  depend  on  his  concern  for  breaking  radio  silenoe  (as 
refleoted  in  the  shrinking  "threshold"  TL^) .  Similarly,  while  monitoring  ETA  he 
may  deoide  to  pop-up,  hand-off,  do  a  velooity  patoh  or  preserve  radio  silenoe. 
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2.2.4  Patch  Command  Generator 


Once  a  deoiaion  ia  made  to  patch  a  particular  RPV,  it  ia  neceasary  to 
compute  and  execute  the  patch  oontrol.  The  purpose  of  a  patch  control  is  to 
guide  the  RPV  from  ita  ourrent  looation  and  heading  to  intercept  and  fly  along 
the  planned  flight  path.  We  aasume  a  simple  strategy  of  minimizing  the  time  to 
return  to  the  planned  flight  path  assuming  that  the  two  oontrol  aotiona  on  a 
given  RPV  are  non- interactive.  In  this  case  the  oontrol  actions  are  trivially 
computable  using  the  ourrent  estimate  of  the  ETA  and  LATDEV  states: 

Ui  *  Xj_/T 

where  T  is  the  duration  over  whioh  the  patch  is  to  take  plaoe.  To  relate  tne  ui 
to  the  velocity  and  heading  we  reoall  from  Section  2.1  that 

u2i-1  ■  Vi  oos  $i-^i 
u21  a  Vi  sin  i 

whioh  shows  the  interaoblon  of  the  velooity  patoh  Vi  and  the  LATDEV  patoh 
Note  that  in  the  two-state  formulation  of  the  RPV  problem  there  is  no  true 
heading.  However,  we  use  the  above  equations  to  define  "pseudo  oonsbttnb 
headings"  <j>i  during  the  LATDEV  patoh. 

A  oheok  is  made  on  Vi  to  see  of  It  is  within  the  allowable  limits,  If  it 
exceeds  the  limit  then  Vi  is  reset  at  the  limit  by  adjusting  the  patoh  time  T 
and  henoe  the  patoh  oontrol  action  u2i_i.  Then  u2i  la  adjusted  to  account  for 
ita  interaction  with  the  velooity  patoh. 

A  LATDEV  patoh  will  be  oomputed  as  a  oonstant  pseudo  heading 

<f»i  =  ARCSIN  (u21/Vi) 


where 


u2i  ■  "*2i/T 

A  "pseudo  radius  of  turn"  R  a  0.5  is  oomputed  .If  R  violates  the 
specified  minimum  turn  radius  RMIN  for  the  RPV  then  the  patch  time  T  is  relaxed 
to  satisfy  the  turn  radius  constraint.  To  reflect  the  operator's  experience  on 
making  LATDEV  patches,  a  factor  oallnd  SFACTR  is  introduced.  SFACTR  ranges  from 
.2  to  1  and  is  nominally  1.  It  is  decremented  in  steps  of  .2  for  each 
oonseoutive  disallowed  LATDEV  patch  and  incremented  in  steps  of  .  1  for  eaoh 
oonseoutive  suooessful  LATDEV  patoh.  The  operator  will  use  SFACTR  as  a  safety 
faotor  to  avoid  tight  turns  for  the  LATDEV  patoh  and  will  use  RMIN/ SFACTR  as  a 
guide  to  select  the  radius  of  turn  for  the  LATDEV  patohes.  Having  decided  on  a 
patoh  time  T,  the  oontrol  aotion  u2i  is  recomputed  and  then  u2i_i  adjusted  to 
reflect  the  effeot  of  LATDEV  on  u2i»i. 
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3 .  RESULTS 


We  now  examine  the  sensitivity  of  the  performance  predicted  by  DEMON  to 
ohanges  in  parameters  of  the  system  and  in  those  describing  operator  behavior. 

3.1  Basic  Parameter  Values 

The  parameters  of  interest  are  exhibited  in  Table  1  along  with  a  set  of 
"basio"  values  for  them.  The  basio  parameter  values  were  ohosen  as  indicated  in 
[53. 


Several  DEMON  runs  were  made  to  ascertain  the  aensitivity  to  various  model 
parameters.  These  sensitivity  results  are  described  below, 

Subsequent  results  ere  intended  to  show  overall  trends  of  the  effeots  of 
parameter  changes.  These  are  obtained  from  a  set  of  summary  statistics  output 
by  the  implemented  DEMON  model. 

3.2  Monitoring  Performance 

The  DEMON  model  waa  exeroised  on  several  selected  values  for  the  parameters 
characterizing  the  human  operator.  Figure  4  shows  the  effeot  of  varying  the 
monitoring  oost  CM(  on  the  monitoring  frequency.  Two  ourves  are  shown.  For  the 
ourve  labelled  TM  ■  1:1,  the  monitoring  thresholds  TM*  are  oonstant  from  launoh 
to  hand-off.  For  the  ourve  labelled  TM  ■  4:1  the  monitoring  thresholds  at 
launoh  are  four  times  what  they  are  at  hand-off  and  decrease  linearly  with 
mission  time.  It  is  seen  from  Figure  4  that  the  effeot  of  lnoreaaing  monitoring 
oost  is  to  deorease  the  monitoring  frequency  (averaged  over  all  the  6  RPVs  under 
oonaideration) .  For  any  given  monitoring  oost  CM,  widening  the  monitoring 
threshold  also  deoreaseo  the  monitoring  frequency. 

Figure  5  shows  the  effeot  on  the  TM  ■  1:1  ourve  in  Figure  4  if  the  operator 
assumes  a  different  model  WOM  for  the  navigation  errors.  Reoall  that  the  ENQM 
expression  (with  Cjsl)  depends  on  the  difference^  Pi-CMi,  The  subjootive 
probabilities  depend  both  on  the  estimates  and  the  unoertaintiea 
aaaooiated  with  these  estimates.  A  lower  value  of  WOM  oauaea  lower  rate  of 
growth  of  aj_  and  henae  it  takes  longer  for  the  P^  associated  with  different  RPVs 
to  be  'equalized'  and  start  overwhelming  the  monitoring  ooat  CM^.  Thus  for  the 
low  WOM  oase,  the  effeot  of  CM^  ia  more  pronounoed  than  in  the  high  WOM  oase. 
In  faot,  it  oan  be  seen  from  Figure  5  that  for  any  fixed  monitoring  oost  CM,  the 
monitoring  frequenoy  is  higher  if  the  operator  expeots  the  navigation  errors  to 
be  greater  (as  represented  by  the  higher  noise  oovarianoe  WOM).  The  lower  value 
of  WOM  also  reduoes  the  effeot  of  the  pop-up  oost,  CMP^.  This  results  in 
missing  scheduled  pop-up  times  as  indioated  in  Table  2  (presented  later). 

The  effect  of  adding  more  RPVa  on  the  operator's  monitoring  behavior  ia 
illustrated  in  Figure  6.  In  this  simple  exeroise  of  the  DEMON  model,  the  RPVs 
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Table  1  Important  Parameters  in  the  DEMON  Model 


ID 

SYMBOL 

DESCRIPTION 

VALUES  FOR 
BASIC  CASE 

SYSTEM 

CHARACTERISTICS 

SI 

N 

Number  of  RPVs  {RPV  "density") 

6 

S2 

*SlIN 

Minimum  allowable  turn  radius 

5280  ft. 

S3 

fcF 

Display  update  rate 

5  sec. 

S4 

FLTPLN 

Flight  Plan  Parameters  such  as  flight 
duration  and  desired  time  for  launch, 
turns#  pop-up,  hand-off,  turn  angleB, 
etc. 

Figure  1 

S5 

Wi 

Navigation  errors 

Eg.  (3) 

S6 

\ 

Reporting  error 

-20  dB 

HUMAN 

1  OPERATOR  CHARACTERISTICS 

HI 

TM^ 

Monitoring  threshold 

250  ft. 

H2 

Ci 

Cost  of  exceeding  TM^ 

1 

H3 

CMj^ 

Monitoring  Action  Cost 

0 

H4 

cla 

Cost  factor  for  LATDEV 

1 

H5 

TLi 

L AT DEV  Patch  coat 

(250) 2 

H6 

CVi 

Cost  factor  for  ETA  deviation 

109375 

H7 

TVj^ 

Velocity  patch  cost 

( 3375) 2 

H8 

CPi 

Pop-up  cost  factor 

2 . 19E7/EXP (t 

H9 

Ti 

Operator  preferred  pop-up  interval 

5  sec. 

H10 

Cl^ 

Hand-off  cost  factor 

CPi 

Hll 

TH 

Operator  preferred  hand-off  interval 

5  sec. 

H12 

WJ8M 

Operator's  understanding  of  system 
navigation  errors 

101250 

10000 
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Fig.  *4  Effect  of  Monitoring  Cost  CM  (and 

Threshold  TM)  on  Monitoring  Frequenoy 

in  the  operator's  "en  route  list"  were  inoreased  from  1  to  6  while  the  pseudo 
random  navigation  error  sequenoe  driving  RPV  1  remained  unaltered.  The 
monitoring  looks  on  the  S  and  M  displays  of  RPV  1  are  plotted  against  "workload" 
of  the  operator  as  measured  by  the  number  of  RPVs  in  his  list.  Clearly,  when 
the  other  RPVs  oompete  for  attention,  the  monitoring  aotivity  on  RPV  1 
deoreases. 

The  present  implementation  of  the  DEMON  model  oan  only  aooommodate  a 
maximum  of  7  RPVs.  To  investigate  the  effeot  of  a  higher  number  of  RPVs  we  oan 
introduoe  the  concept  of  an  "equivalent  RPV".  We  saw  in  Figure  6,  that 
additional  RPVs  compete  for  monitoring  attention.  Likewise  in  Figures  4  and  5, 
the  effeot  of  increasing  the  monitoring  oost  CM  is  to  deorease  the  monitoring 
frequenoy.  Reoall  that  CM  can  be  used  to  acoount  for  the  necessity  of  doing 
other  things.  High  enough  values  of  CM  will  result  in  periods  in  whioh  the  six 
basic  RPVs  are  unmonitored.  If  we  assume  that  these  periods  are  devoted  to 
other  RPVs,  and  that  all  RPVs  share  monitoring  attention  approximately  equally, 
then  an  "equivalent"  number  of  RPVs  is  obtained  by  dividing  the  aotual  number 
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Fig.  5  Effect  of  Pseudo  Process  Noise  MOM 
on  Monitoring  Frequency 


’tg. 


6  Effect  of  Workload  (Number  of  Controlled) 
RPVs)  on  Monitoring  Loiks  on  UPV  1 
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under  control  by  the  fraction  of  the  total  time  that  they  are  being  observed. 
For  example,  if  a  value  of  CM  is  ohosen  such  that  the  basic  six  RPVs  are 
monitored  only  60  per  cent  of  the  time,  then  we  can  interpret  this  as  equivalent 
to  ten  RPVs  under  oontrol. 

Using  the  oonoept  of  "equivalent  RPVs"  figures  4  and  6  are  combined  to 
obtain  the  effect  of  workload  (equivalent  over  the  number  of  real  RPVs  in  the 
operator's  list).  The  result  plotted  in  Figure  7  shows  that  average  monitoring 
frequency  is  roughly  proportional  to  the  reoiprooal  of  the  equivalent  number  of 
RPVs. 

3.3  Patching  Performance 

In  Section  3.2,  we  oonsidered  the  sensitivity  of  monitoring  performance  to 
the  operator  parameters  CM,  TM,  WOM  and  the  system  parameter  N.  We  now  turn  to 
the  study  of  the  operator's  effectiveness  in  controlling  the  system  performance. 

The  effeot  of  varying  patch  oosts  is  illustrated  in  the  computer  generated 
graphs  of  ETA  deviation  for  RPV  1.  Figure  8(a)  is  for  the  case  of  flat  TL^,  TV* 
and  Figure  8(b)  is  for  the  oase  of  TLj.  shrinking  to  a  value  at  hand  off  the  same 
as  that  for  the  flat  TL*,  starting  from  a  value  at  launch  equal  to  four  times 
that  at  hand-off.  Clearly,  higher  patch  oosts  during  the  early  part  of  the 
mission  inhibit  patches  and  result  in  greater  ETA  deviations.  However,  the 
shrinking  TLj_  ensures  sufficient  patching  activity  to  keep  ETA  near  hand-off  to 
be  oomparable  to  that  in  the  flat  TL^  oase. 

Figure  9  shows  the  effeot  of  workload  (in  terms  of  equivalent  number  of 
RPVs)  on  the  normalized  controlled  RPV  performance  as  defined  below.  RPV 
performance  is  measured  in  terms  of  the  RMS  values  of  the  deviations  (ETADEV  and 
LATDEV )  from  the  flight  plan.  The  RMS  values  are  obtained  by  "time  averaging" 
and  thus  inolude  errors  all  along  the  flight  plan  from  launoh  up  to  hand-off.  A 
controlled  RPV  is  a  real  RPV  on  the  operator's  an  route  list.  The  RMS  value  was 
averaged  over  the  controlled  RPVs  and  then  divided  by  the  indifferenoe  threshold 
setting  (ohosen  to  be  250*  for  LATDEV  and  5  seo.  for  ETADEV  in  the  model  run)  to 
obtain  the  normalized  controlled  RPV  performance.  The  results  for  LATDEV  and 
ETADEV  are  plotted  on  Figure  10.  The  operator  is  able  to  oontrol  up  to  four 
RPVs  without  a  degradation  in  performance.  Then,  performance  steadily 
deteriorates  as  workload  increases.  It  is  clear  that  for  the  ohosen  parameter 
settings  there  is  a  critical  point  at  N«7>  The  average  RMS  LATDEV,  integrated 
from  launoh  to  hand-off  for  N«7,  has  a  value  of  roughly  1500'  with  performance 
deteriorating  at  a  high  rate. 

It  is  interesting  to  note  that  the  RMS  errors  seem  to  flatten  out  for  N> 1 5 . 
A  further  analysis  shows  that  these  peak  values  of  RMS  errors  are  the  errors 
Inherent  in  the  mission  due  to  navigation  errors,  that  is,  the  errors  that  would 
result  if  the  operator's  en  route  list  were  "empty"  and  the  RPVs  try  to 
negotiate  the  flight  plan  without  oontrol. 


Fig.  7  Effeot  or  Workload  (Equivalent  Number  of  RPVs) 
on  Average  Monitoring  Frequenoy 


18 


ition  in 


Now  we  turn  to  the  effeot  of  Tp  on  pop-up.  Reoall  that  tp  aeeonda  prior  to 
the  desired  pop-up  time  Tp,  the  DEMON  operator  begins  to  be  oonoerned  about 
pop-up.  A  few  model  runs  were  made  by  varying  Tp  and  the  results  are  displayed 
in  Table  2.  As  it  was  mentioned  earlier  the  lower  WOM  oauses  the  DEMON  operator 
to  miss  pop-ups  even  with  a  rp,of  5  aeo.  It  Is  seen  from  Table  2  that  with  xp«o 
the  average  error  in  pop-up  time  is  even  larger.  These  errors  in  pop-up  time 
also  oause  similar  errors  in  hand-off  time  which  increases  from  an  average  value 
of  12.5  for  Tp*5  to  31.7  for  Tp«0.  Note  that  the  5  seo.  frame  update  time  makes 
all  intermediate  values  of  Tp  between  0  and  5  behave  the  same  as  tp  ■  5  aeo. 

The  effects  of  various  human  parameters  on  monitoring  and  patohing 
performance  were  dlsousaed  above.  The  only  system  parameter  that  was  inoluded 
in  the  above  dlsouaslon  was  the  workload  as  represented  by  the  number  N  of  RPVa 
for  which  the  operator  has  responsibility.  We  oonsider  now  the  effeot  of  the 
reporting  error  Vy  and  the  navigation  errors  w*  on  the  system  performance. 
Table  3  shows  the  effeot  of  various  levels  of  reporting  errors  Vy  on  the  RMS 
deviations  (averaged  over  the  six  controlled  RPVs).  It  is  dear  that  higher 
reporting  errors  lead  to  degradation  in  performance.  The  mean  error  in  pop-up 
time  is  also  shown.  We  would  expeot  the  errors  in  pop-up  time  to  degrade 
steadily  with  increasing  reporting  errors  if  these  errors  were  obtained  by 
averaging  over  many  runs  (i.e.,  by  Monte  Carlo  simulation). 

The  effeot  of  navigation  errors  is  shown  in  Table  4  for  three  oases.  Case 
A  is  the  baalo  oase,  Case  B  has  higher  ETA  navigation  errors  over  Case  A  and 
Case  C  has  higher  LATDEV  navigation  errors  over  Case  B.  The  results  again  show 
degradation  in  RM£  deviations  as  the  navigation  errors  get  worse.  Table  4  also 
shows  that  average  number  of  patohes  per  RPV  also  increases.  The  mean  error  in 
pop-up  time  is  also  displayed  in  Table  4  and  the  disoussion  in  the  previous 
paragraph  applies  here  as  well. 

4.  CONCLUSION 

In  summary,  the  results  obtained  with  the  DEMON  model  are  very  interesting 
and  are  representative  of  the  type  of  results  that  may  be  obtained  with  a 
top-down  approach  to  modelling  the  RPV  control  problem.  Of  oourse,  more 
sensitivity  results  would  be  useful  but  the  results  obtained  thus  far  for 
monitoring  performance  show  that  the  model  does  behave  reasonably,  that  the 
parameters  do  slgnifloantly  affeot  the  performance  and  that  the  monitoring  and 
patohing  trends  are  as  expeoted.  The  parameters  seem  to  be  sufficient  to 
oapture  the  important  aspeots  of  variations  in  monitoring  and  patohing 
strategies.  The  results  also  show  how  the  model  may  address  important 
considerations  from  the  system  designer's  point  of  view  suoh  as  RPV /Operator 
ratio,  allowable  navigation  errors,  tolerable  reporting  errors  and  so  forth, 
However,  in  the  present  version  of  DEMON  details  of  control  and  display 
implementations  are  not  so  readily  addressed,  although  these  may  be  dealt  with 
by  further  refinements  of  the  model. 
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Table  3:  Effect  of  Reporting  Erroi 


Vy 

-20 

-17 

RMS  STADEV 
(1000  ft.) 

5.57 

5.94 

RMS  STADEV 
(1000  ft.) 

0.95 

1.02 

MEAN  ERROR 

In  pop  up 
tima  (sac.) 

12.5 

8 

Table  A:  Effect  of  Navigation  Errors 


wi  ft/sae 
wj  ft/sac 


RMS  ETA  DEV 
(1000  ft.) 


RMS  LAT  DEV 
(1000  ft.) 


MEAN  ERROR 


CASE  A 


0.6 

0.8 


5.57 


0.95 


CASE  B 


6.7 

0.8 


9.13 


1.75 


In  pop  up  tloa 
(•ac.) 


12.5 


2A.2 


NUMBER  OF  PATCHES 
(ETA  +  LAT  DEV) 


130 


146 


14 


’ihua,  the  results  obtained  do  appear  to  provide  a  'proof  of  ooncept'  for 
the  top-down  approooh  employed  in  D2M0N  for  modelling  the  RPV  en  route  control 
problem.  However,  validation  of  the  model  requires  comparison  of  the  results 
from  DEMON  with  data  from  a  'real'  RPV  mission,  which  remains  to  be  done. 
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ABSTRACT 


In  many  multitask  situations,  the  human  operator  must 
allooate  his  attention  between  control  and  discrete  tasks  so  as 
to  optimize  some  measure  of  total  performance.  When  preview  of 
the  reference  trajeotory  is  available,  scheduling  of  control  and 
disorete  tasks  is  possible.  Control  activity  is  intermittent  to 
accommodate  disorete  tasks  at  various  times.  A  model  has  been 
developed  for  this  situation  using  dynamic  programming  to  solve 
an  optimal  control  problem.  Intermittent  control  aotivity  is 
achieved  by  suitably  varying  the  weights  on  oontrol  along  the 
planning  horizon.  This  has  the  desired  feature  of  redistributing 
the  oontrol  aotivity  to  result  in  optimum  performance.  An 
experiment  has  been  designed  where  subjects  oontrol  an  airplane 
symbol  over  a  map,  shown  a  fixed  distance  into  the  future. 
Disorete  tasks  made  up  of  number  entry  tasks  are  introduced  with 
different  arrival  rates.  Experiments  in  progress  are  described. 


INTRODUCTION 


For  quite  some  time  now,  there  has  been  an  increasing 
interest  in  understanding  the  behavior  of  the  human  as  a 
supervisor  of  oomplex  systems  [ 2 , 3 , M , 5 , 6] .  More  and  more  of  the 
traditional  oontrol  tasks  are  now  performed  by  automatic 
systems.  For  example,  microcomputers  and  minicomputers  are  used 
in  a  distributed  data  processing  environment  to  increase  the 
total  reliability  of  systemsCl].  Yet,  the  human  is  still  Bn 
important  element  in  most  of  the  systems  due  to  his  unique 
abilities  to  make  decisions  in  unexpected  situations,  his 
ability  to  oome  up  with  alternate  solutions  for  problems,  eta. 
Hence,  the  necessity  for  the  human  still  exists,  if  only  as  a 
manager  or  supervisor.  Even  in  completely  automated  systems, 
the  human  must  still  know  how  to  operate  such  systems  when 
failures  ooour  unexpectedly. 


•  This  research  was  supported  by  the  National  Aeronautics  and 
Space  Administration  under  NASA-Ames  Grant  NSG-2119. 
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In  this  paper,  we  are  concerned  with  the  human  operator 
when  he  must  perform  different  tasks  simultaneously.  For 
example,  In  flying  an  aircraft  a  pilot  performs  a  variety  of 
tasks.  These  tasks  can  be  broadly  subdivided  into  two  main 
categories.  One  oategory  is  the  familiar  control  tasks  where  the 
pilot  uses  the  throttle,  elevator,  rudder  and  ailerons  (and 
other  control  surfaces)  to  alter  the  flight  conditions. 
Depending  upon  the  nature  of  the  flight,  continuous  attention  is 
required  of  the  pilot  to  perform  the  desired  mission 
successfully.  Control  related  actions  have  a  direct  effeot  on 
the  flight  conditions.  Velooity,  angle  of  attaok,  altitude,  etc. 
vary  continuously  and  are  direct  results  of  various  control 
actions. 

In  oontrast,  there  are  certain  other  tasks  which  only 
require  the  pilot's  attention  for  a  certain  amount  of  time. 
Inoluded  in  this  category  are:  cheoking  the  subsystems  during 
various  phases  of  flight,  communioating  with  air  traffio 
controllers,  taking  radio  fixes,  etc.  These  are  intermittent 
and  require  a  finite  amount  of  time  for  successful  completion. 
These  tasks  are  characterized  by  a  definite  beginning  and  a 
definite  ending  (in  time).  These  are  called  discrete  tasks  in 
this  paper  . 

An  important  theoretioal  issue  in  modeling  the  human's 
behavior  is  to  be  able  to  predict  when  the  discrete  tasks  should 
be  performed  in  the  time  history  (evolution)  of  the  oontrol 
task,  i.e.,  this  is  a  scheduling  problem.  Walden  and  Rouse[2] 
analyzed  this  problem  with  the  oontrol  and  disorete  tasks 
forming  a  queue,  to  be  served  by  the  human  pilot.  Individual 
tasks  were  considered  as  customers  arriving  at  exponentially 
distributed  inter-arrival  times.  The  service  times  had  an 
Erlang-k  distribution.  Fine  grained  btruoture  of  the  controller 
was  not  considered.  Palmer[33  considered  situations  where  the 
pilot  must  interrupt  monitoring  a  stochastic  prooess  in  order  to 
attend  to  other  duties,  and  developed  normative  optimal 
strategies  for  this.  These  strategies  were  compared  to  the 
results  from  a  pilot  experiment.  Sheridan  and  TulgaC'l)  studied 
a  supervisory  oontrol  problem  where  attention  was  allocated 
dynamically  between  multiple  processes.  An  optimal  decision 
strategy  was  developed  using  dynamic  programming  to  choose  the 
optimal  task  among  the  possible  alternatives.  Muralidharan  and 
Baron[5]  are  ooncerned  with  the  problem  of  oombined  monitoring, 
deoision  making  and  control  in  the  oontext  of  controlling 
multiple  Remotedly  Piloted  Vehioles  (RPVs).  Human  oontrol 
aotlons  are  Infrequent,  and  monitoring  and  decision  making  are 
the  operator's  main  activities.  A  model  is  developed  combining 
oontrol  and  deoision  theoretio  notions  with  the  optimal  oontrol 
model.  In  our  study,  we  are  concerned  with  the  problem  of 
oontrol,  when  disorete  tasks  must  also  be  performed  during 
various  times.  It  is  desired  to  develop  a  model  which  will 
explain  when  the  discrete  tasks  are  scheduled,  and  how  the 
oontrol  task  is  affected  by  the  requirement  to  perform  disorete 
tasks . 


THE  MODEL 


In  an  earlier  paper[6]  we  desoribed  a  heuristic  model 
for  the  controller  which  resulted  in  an  intermittent  control 
aotivity.  That  model  did  not  specifically  explain  when  disorete 
tasks  should  be  performed.  It  was  basically  a  tool  used  to 
develop  initial  insights  into  the  intermittent  control  behavior 
observed  with  the  human  pilots. 

An  analytical  model  is  preferred  to  a  heuristic  model 
because,  with  the  former,  there  is  no  need  to  oome  up  with  new 
set  of  heuristios  for  eaoh  problem.  Analytical  models  are  more 
general,  and  hence,  more  robust.  We  have  employed  optimal 
oontrol  theory  to  develop  an  analytical  model.  The  control 
problem  of  interest  is  that  of  flying  an  aircraft  as  olosely  as 
possible  to  the  reference  trajeotory.  Preview  of  the  reference 
trajeotory  is  available  for  some  distance  (or  equivalently, 
time).  This  is  the  planning  horizon  in  which  the  disorete  tasks 
must  be  inserted  at  appropriate  intervals.  A  well-trained,  well- 
motivated  human  operator  is  assumed  to  keep  the  errors  from  the 
reference  trajeotory  to  a  minimum.  He  is  also  expeoted  to 
impose  a  penalty  on  the  oontrol  action,  the  penalty  becoming 
higher  when  disorete  tasks  must  be  performed.  It  will  be  shown 
that  the  relative  weights  on  the  error  and  the  oontrol  aotivity 
are  oruoial  in  the  model. 

The  cost  to  be  minimized  is  given  by: 

min  J  .IE  [  C y i - y i )  * Q i < y i — y )  +  u*  1_1Rt-1u1.1  ], 

where,  y.  -  reference  inputs  (preview),  u<  -  oontrol  values,  Q. , 
-  weights. 


The  system  dynamics  is  given  by: 


XU1  *  Alxi  +  Biui>  yi  a  ci*i* 

Sinoe  preview  is  available,  y.  are  reference  trajeotory 
values  into  the  future.  An  optimal  oontrol  problem  with  preview 
was  considered  earlier  by  Tomizuka  and  Whitney[73.  In  that  work, 
the  previewed  information  consisted  of  the  output  of  a  second 
order  system  driven  by  white  noise.  It  was  rather  restrictive 
because  no  deterministic  future  inputs  were  considered.  Our 
formulation  can  handle  any  arbitrary  inputs. 

The  solution  for  this  problem  is  obtained  through 
dynamio  programming.  (See  [8]  for  a  general  background.)  Though 
a  bit  tedious,  the  solution  is  straight  forward.  The  optimal 
oontrol  \ii  is  given  by, 
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where  are, 

kn  8  cn,(3ncN'  *n  8  cn'Qn« 

Ki  8  V  [  Ki  +  1  -  Ki+1B1(B1*K1  +  1Bi  ♦  Ri>”1B1*K1+1  3  kL  ♦  VQ^, 
*i  ,  [  I  -  ], 

8  CN  '^N  *i  8  ci'*ih  +  *1*1+1* 


It  is  seen  that  the  control  ut  at  time  i  is  a  funotion  of  the 
feedbaok  of  the  state  (or  more  appropriately ,  its  estimate)  at 
that  time,  and  a  feedforward  of  the  reference  trajectory. 

The  important  feature  in  scheduling  oontrol  and  disorete 
tasks  is  the  possibility  of  directly  influencing  the  oontrol 
through  the  weights  R  on  oontrol  (see  equation  for  U.  above). 
When  it  is  desired  to  insert  a  disorete  task  somewhere  in  the 
planning  horizon,  the  oontrol  weighting  is  increased  in  that 
interval,  resulting  in  a  reduced  control  value.  If  this  is  done 
for  the  entire  planning  horizon  (i.e.,  altering  the  weights  in 
intervals  of  desired  disorete  task  activity),  this  has  the 
desirable  effeot  of  redistributing  oontrol  aotivity  to  keep  the 
overall  oost  at  an  optimal  value. 

To  sohedule  disorete  tasks,  the  oontrol  time  history  is 
first  oaloulated  for  the  entire  planning  horizon  with  oonstant 
weights  on  oontrol.  Sinoe  states  (Xj)  are  not  known,  they  are 
estimated  using  the  oaloulated  controls  at  the  previous  time 
instant.  The  number  of  disorete  tasks  to  be  performed  in  the 
planning  horizon  are  determined,  and  the  time  required  for 
performance  of  eaah  is  estimated.  Relative  minima  of  oontrol 
aotivity  are  chosen  for  eaoh  disorete  task  to  be  inserted,  and 
the  weights  on  oontrol  are  increased  ovor  these  intervals. 
Then,  a  new  oontrol  history  is  oaloulated  over  the  planning 
horizon.  Sinoe  weights  or  penalties  have  been  increased  in  these 
intervals,  oontrol  aotivity  is  depressed,  The  oontrol  oaloulated 
thus  is  optimal  for  the  combined  control-discrete  task  problem. 

From  this  model,  it  is  possible  to  insert  disorete  tasks 
when  the  need  arises.  Since  one  model  gives  the  oontrol  behavior 
as  well  as  the  time  intervals  when  disorete  tasks  are  to  be 
performed,  fractions  of  time  spent  on  eaoh  type  of  task  can  be 
oaloulated  if  the  nature  of  the  tasks  is  known. 
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EXPERIMENT 


An  experiment  Is  designed  to  test  the 
val id ity/appropr lateness  of  this  model  in  a  multitask 
environment.*  A  VT11  graphios  display  driven  by  a  PDP  11/40 
minicomputer  interfaced  with  an  analog  oomputer  (Applied 
Dynamics,  AD5)  is  used.  The  control  task  involves  flying  over  a 
map  at  a  constant  altitude  and  airspeed  using  aileron  control  to 
turn.  (See  Figure  1).  The  proper  amount  of  rudder  is 
automatically  provided  by  the  oomputer  for  a  coordinated  turn.  A 
track  up  display  is  used  where  the  map  to  be  flown  moves  past  a 
fixed  airplane  symbol.  The  reference  trajectory  for  a  few 
minutes  into  the  future  is  available  for  preview.  A  modified 
form  of  an  artificial  horizon  with  a  moving  wing  over  a  fixed 
horizon  is  used  to  indicate  the  attitude.  Aileron  angle  is 
controlled  using  a  joystiok. 


Discrete  tasks  are  presented  as  number  entry  tasks.  At 
various  times,  while  flying  along  the  map,  five  digit  numbers 
appear  and  move  along  the  map.  Successful  performance  of  these 
disorete  tasks  requires  oorreot  entry  of  the  numbers  before  they 
disappear.  A  key  pad  is  used  to  enter  the  numbers.  Some  or  all 

of  these  digits  oan  be  entered  at  one  time.  A  switoh  near  the 

* 


*  The  authors  wish  to  thank  Everett  Palmer  of  NASA  Ames  Researoh 

Center  for  his  oonstruotive  suggestions  in  the  development  of  j 

the  experiment.  > 
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joystick  is  used  to  initiate/terminate  the  number  entry  tasks. 
When  a  decision  is  made  to  enter  a  number,  this  switch  is 
pressed,  and  the  map  disappears  from  the  screen.  Entry  of  each 
digit  results  in  a  'beep'.  After  correctly  entering  a  number, 
the  next  number  oannot  be  entered  immmediately .  The  subject  must 
wait  until  the  small  horizontal  tic  mark  corresponding  to  the 
number  Just  entered  goes  past  the  airplane  symbol. 

The  subjeots  are  expected  to  'fly'  the  aircraft  such 
that  the  airplane  remains  on  the  map  as  closely  as  possible. 
They  are  instructed  to  schedule  the  number  entry  basks,  so  that 
both  tasks  can  be  performed  acceptably  and  comfortably,  without 
either  task  requiring  too  .auoh  effort.  If  an  error  ooours  in 
entering  the  number,  even  in  one  digit,  the  entire  number  must 
be  re-entered.  The  map  remains  blanked  out  during  data  entry. 
Even  when  the  map  is  not  seen,  however,  the  airpleuio  does  not 
stop.  Thus,  subjects  try  to  perform  the  disorete  tasks  quickly. 

Subjects  are  trained  in  the  control  task  until  their 
performance  reaches  a  consistent  value.  When  there  is  no  further 
improvement  in  the  .mean. squared  *  error ,  disorete  tasks  are 
performed  along  with  the  aontrol  task.  Along  with  some  graduate 
students  in  engineering,  some  private  pilots  are  being  used  as 
subjeots.  Discrete  tasks  are  scheduled  at  constant  arrival 
rates,  as  well  as  with  a  Poisson  distribution  with  the  mean 
equal  to  that  of  the  constant  arrival  rate.  Experiments  are  in 
progress  at  this  time. 
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ABSTRACT 


The  human  operator's  allooation  of  attention  among  multiple 
dynamia  prooesses  is  oonsidered.  An  experimental  investigation 
of  the  human's  attention  allooation  performance  in  a  speoifio 
multiple  process  monitoring  situation  is  discussed.  In  this 
experiment,  subjects  simultaneously  monitored  nine  dynamic 
prooesses  for  the  ooourrenoe  of  failures  and  made  deoisions 
regarding  the  prooesses  to  which  they  wished  to  allocate 
attention.  Parameters  associated  with  eaoh  of  the  prooesses  were 
the  mean  time  between  failures  of  the  prooess,  the  mean  time 
required  to  repair  the  prooess,  and  the  cost  per  unit  time  of 
delay  in  servicing  the  prooess.  The  effects  of  these  parameters 
on  the  timing  and  ordering  of  the  subjects'  attention  allocation 
deoisions  are  investigated  and  an  approaoh  to  the  modeling  of  the 
subjeots'  attention  allocation  performance  consistent  with  these 
effeots  is  presented.  The  goal  of  this  work  is  the  development 
of  a  model  of  multi-task  decision  making  which  could  be  used  in 
the  design  and  implementation  of  oomputer-aided  deolsion  making 
systems. 


INTRODUCTION 


In  many  systems,  the  human  operator  spends  much  of  his  time 
monitoring  subsystems  for  events  whioh  call  for  aotlon  on  his 
part.  As  the  complexity  of  these  systems  increases,  the  operator 
becomes  responsible  for  more  subsystems  of  greater  variety. 
There  is  consequently  a  greater  probability  that  the  operator 
will  encounter  situations  in  whioh  there  are  more  tasks  than  he 
can  acceptably  perform. 

One  means  of  maintaining  the  operator's  workload  at  a 
satisfactory  level  is  the  introduction  of  automation  oapable  of 
performing  some  of  the  operator's  tasks.  Models  of  the 

"This  research  was  supported  by  the  National  ,  Aeronautics  and 
Space  Administration  under  NASA-Ames  Grant  NSG-2119. 
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operator' 3  task  performance  would  be  of  use  In  predicting  the 
performance  gains  to  be  expected  from  the  introduction  of  such 
aids.  Further,  in  systems  in  which  the  responsibilities  for  some 
tasks  are  shared  by  the  operator  and  an  automated  decision  maker, 
these  models  might  also  be  used  within  the  system  to  coordinate 
the  actions  of  the  two  decision  makers. 

Senders  Cl]  and  Smallwood  [2]  have  modeled  human  decision 
making  in  multiple  prooess  monitoring  tasks.  Senders  postulated 
that  the  human  monitor  samples  his  displays  in  a  manner  which 
allows  reconstruction  of  the  displayed  signals.  An  information 
theory  approaoh  is  employed  to  determine  how  often  and  for  what 
duration  the  human  must  sample  each  display.  Smallwood  proposed 
that  the  human  operator  forms  an  internal  model  of  the  processes 
he  is  monitoring  and  of  the  environment  relevant  to  his  task  as  a 
result  of  his  past  perceptions  of  them.  4  situation  is 
considered  in  whioh  the  operator  seeks  to  detect  excursions  of 
instruments  beyond  threshold  values.  The  operator  is  modeled  as 
directing  his  attention  to  the  instrument  whose  ourrent 
probability  of  exceeding  threshold  (based  on  the  operator's 
internal  model)  is  greatest. 

Carbonell  C 3 , 4 3  and  Senders  and  Posner  [53  have  proposed 
queueing  theory  approaohes  to  the  modeling  of  human  deoision 
making  in  multiple  process  monitoring  tasks.  Carbonell  uses  a 
priority  queueing  discipline.  He  assumes  that  the  human  operator 
attempts  to  minimize  the  risk  involved  in  not  observing  other 
instruments  when  he  chooses  bn  monitor  m  particular  instrument. 
Senders  and  Posner  employ  a  first-oome  first-served  servioe 
discipline.  They  suggest  two  models  whioh  might  be  used  to 
estimate  the  inter-observation  intervals  for  an  instrument  (i.a. 
the  time  between  arrivals  of  the  instrument  to  the  queue  of 
instruments  awaiting  observation  by  the  human  monitor).  The 
first  model  involves  the  degree  of  the  observer's  uncertainty 
about  the  value  of  the  variable  displayed  on  the  instrument.  The 
seoond  model  involves  the  probability  that  the  displayed  variable 
will  exceed  an  acceptable  limit. 

The  models  alted  above  emphasize  the  monitoring  of  displays, 
rather  than  the  decisions  or  aotions  that  result  from  the  human 
operator's  perception  of  the  displayed  values.  The  operator's 
motivation  for  monitoring  the  displays  is  the  possibility  that  an 
event  whioh  requires  his  aotion  will  ooour.  The  multi-task 
decision  making  problem  addressed  in  this  paper  oonoerns  the 
event  deteotion  and  aotion  seleotion  deoisions  the  operator  makes 
on  the  basis  of  the  information  he  gains  through  monitoring. 

Human  deoision  making  in  suoh  multi-task  situations,  then, 
might  be  modeled  in  terms  of  the  manner  in  whioh  the  human 
deteots  events  related  to  his  tasks  and  the  manner  in  whioh  he 
allocates  his  attention  among  his  tasks  onoe  he  feels  events  have 
ooourred.  Gai  and  Curry  [6]  have  developed  a  model  of  the  human 
monitor  in  a  failure  deteotion  task.  The  model  has  two  stages, 
the  first  a  Kalman  filter  whioh  estimates  the  states  and 
observations  of  the  monitored  process,  and  the  seoond  a  deoision 


mechanism  which  operates  on  the  Kalman  filter  residuals  using 
sequential  analysis  concepts.  The  model  can  be  used  to  describe 
the  human  monitor's  detection  of  additive  failures  in  stationary 
random  processes.  Sheridan  and  Tulga  [?]  have  modeled  the  manner 
in  which  the  human  operator  allocates  his  attention  among  various 
tasks.  They  address  a  situation  in  which  events  present 
themselves  unequivocally  and  use  a  dynamic  programming  approaoh 
to  determine  the  action  sequenoe  which  maximizes  the  operator's 
earnings.  Exeoution  of  this  action  sequenoe  is  begun,  bub  oan  be 
superceded  by  exeoution  of  a  new  sequenoe  calculated  in  response 
to  the  appearance  of  additional  tasks. 

Rouse  [8]  has  investigated  the  issue  of  allocation  of 
deoision  making  responsibility  between  a  human  operator  and  an 
automated  deoision  maker.  He  presents  a  mathematical  formulation 
of  multi-task  deoision  making  situations  appropriate  to  modeling 
either  decision  maker.  Based  on  displayed  Information,  the 
decision  maker  is  assumed  bo  generate  probabilities  that  events 
have  ooourred  in  his  tasks.  He  also  generates  density  functions 
which  oharaoterize  his  perceptions  of  what  might  ooour  in  his 
tasks  while  his  attention  is  diverted  to  a  parbioular  task  and 
how'  long  his  attention  will  be  diverted  should  he  decide  bo  take 
a  given  aotion.  Given  the  estimates  of  event  ooourrenoe 
probabilities  and  the  perceptions  of  density  functions  of 
interarrival  and  aotion  times,  the  deoision  maker  is  assumed  to 
ohoose  actions  so  as  to  minimize  an  appropriate  oost  criterion. 

This  formulation  has  been  applied  to  the  design  of  a 
oomputer-alded  deoision  making  system  within  a  queueing  theory 
framework  [9,10].  Two  experiments  within  a  flight  management 
oontext  were  used  to  illustrate  the  value  of  this  multi-task 
formulation.  It  was  found  that  the  queueing  theory  model, 
provided  a  quite  reasonable  description  of  multi-task  deoision 
making  in  terms  of  task  waiting  times  and  utilization  C  i  •  e  • , 
fraotion  of  time  busy)  of  deoision  makers.  The  nature  of  the 
flight  management  task  employed  in  this  researoh,  however, 
allowed  avoldanae  of  the  issue  of  how  the  human  deoision  maker 
detects  events. 

Greensteln  and  Rouse  [11]  have  proposed  a  model  of  the 
human's  event  detection  performance  in  a  multi-task  situation  and 
have  applied  this  model  to  a  speoific  multiple  prooess  monitoring 
situation.  An  assumption  of  the  model  is  that,  in  attempting  to 
deteat  events,  the  human  generates  estimates  of  the  probabilities 
that  events  have  ooourred.  Discriminant  analysis  is  used  to 
model  the  human's  generation  of  these  probability  estimates.  An 
experimental  study  of  human  event  detection  in  a  multiple  prooess 
monitoring  situation  was  done.  This  study  employed  a  situation 
in  whioh  subjeots  simultaneously  monitored  several  dynamio 
processes  for  the  ooourrenoe  of  events  and  made  yes/no  decisions 
on  the  presenoe  of  events  in  each  process.  The  event  detection 
model  was  shown  to  provide  a  good  fit  to  the  data  obtained  in  the 
experimental  study. 
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In  this  experimental  study  of  event  detection,  subjects  were 
retired  to  make  yes/no  decisions  on  the  presence  of  events  in 
the  processes  they  monitored.  In  many  multi-task  situations  the 
human  operator  Is  not  foroed  to  make  suah  yes/no  deoisions  with 
respeot  to  eaoh  of  his  tasks.  Instead,  he  uses  his  estimates  of 
the  probabilities  of  task-related  events  in  deciding  how  to 
allocate  his  attention  among  tasks.  This  paper  describes  an 
experimental  study  of  the  human's  attention  allooatlon 
performance  in  a  multiple  prooess  monitoring  situation  similar  to 
the  one  employed  in  our  investigation  of  event  detection. 


AN  ATTENTION  ALLOCATION  EXPERIMENT 


Fig.  1  illustrates  the  display  observed  by  subjects  in  the 
experiment.  This  statio  display  was  generated  on  a  Tektronix 
4010  by  a  time-shared  DEC-Sy.atem,  10  and  depiots  the  measured 
values  of  the  outputs  of  nine  processes  over  100  sampling 
intervals  (l.e.  101  points).  The  processes  had  identical  seoond 
order  system  dynamias  with  a  natural  frequency  of  0.75  rad/seo 
and  a  damping  ratio  of  0.5.  Samples  were  taken  at  0.2  seoond 
intervals.  The  inputs  to  the  processes  were  zero-mean  Gaussian 
white  noise  sequences  of  identical  variance.  The  displayed 
measurements  were  obtained  by  corrupting  the  prooess  outputs  with 
additive  zero-mean  Gaussian  white  noise  sequences  whioh  normally 
had  identical  variance.  The  measurement  noise  varlanoe  was 
normally  seleoted  to  yield  measurements  with  signal-to-noise 
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Fig.  1.  The  multiple  process  monitoring  situation. 
(Processes  1,  5,  5,  7,  and  9  have  failed  at  times  131, 
95,  76,  79,  and  91,  respectively.  Processes  7,  2,  and 
6  have  been  selected  for  service.) 
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ratios  of  25.0.  A  process  failure  Mas  defined  by  a  gradual 
Increase  in  the  measurement  noise  variance  such  that  the 
signal-to-noise  ratio  of  eaah  measurement  was  decreased  to  97. 5% 
of  the  signal-to-noise  ratio  of  the  immediately  preceding 
measurement.  A  prooess  failure  manifests  Itself,  then,  by  an 
exponential  deoay  of  the  signal-to-noise  ratio  for  measurements 
following  the  time  of  failure.  Thus,  failures  beoome  more 
pronounoed  with  eaoh  measurement  following  their  oocurrenoe. 
This  is  illustrated  in  Fig.  2  in  which  all  nine  processes  have 
failed  at  various  points  within  the  time  range  depioted  on  this 
display.  The  points  at  whioh  these  failures  occurred  have  been 
denoted  in  the  figure  by  solid  vertloal  lines. 
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Fig.  2.  A  display  in  whioh  all  prooesses  have  failed. 
(The  failure  times  are  denoted  by  solid  vertloal  lines. 
These  lines  did  not  appear  on  the  display  during  the 
experiment . ) 


The  task  of  the  subject  in  this  experimental  situation  was 
to  servioe,  or  allooate  attention  to,  processes  in  a  manner  which 
minimized  the  total  cost  incurred  due  bo  delays  in  the  servicing 
of  failed  prooesses.  Some  of  the  prooesses  tended  to  fail  more 
frequently  than  others.  Servicing  a  prooess  implied  a  diversion 
of  attention  from  the  other  prooesses  and  the  amount  of  time 
required  to  service  a  prooess  varied  across  the  prooesses.  The 
oost  of  delaying  servioe  to  a  prooess  also  differed  from  prooess 
bo  prooess.  These  aspeots  of  the  situation  were  quantified  by 
aasooiating  a  set  of  three  parameters  with  eaoh  of  the  nine 
prooesses  --  the  mean  time  between  failures  of  the  process 
(MTBF),  the  mean  time  to  repair  the  prooess  (MTTR),  and  the  oost 
per  unit  time  of  delay  in  servioing  a  failed  prooess  (C).  The 
values  of  these  parameters  for  eaoh  prooess  were  included  in  the 
display  presented  to  the  subjeot. 
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After  scanning  the  nine  process  histories  depicted  on  the 
display,  the  subjeot  was  given  an  opportunity  to  key  in  the 
numbers  of  processes  to  which  he  had  decided  to  allocate 
attention.  He  also  used  a  graphic  cursor  to  enter  estimates  of 
the  times  at  which  he  believed  failures  had  ooourred.  He 
completed  his  entries  by  entering  a  zero.  The  processes  he 
entered  were  then  serviced  in  the  order  in  which  he  had  entered 
them.  The  first  process  entered  by  the  subjeot  was  servioed  over 
an  interval  whioh  began  with  the  last  time  point  displayed  on  the 
screen  and  extended  forward  the  number  of  time  units  equal  to  the 
MTTR  associated  with  the  prooess.  At  the  completion  of  this 
servioe,  the  prooess  was  reset  to  normal  if  it  had  fai’ed  before 
this  point  and  service  was  begun  on  the  next  prooess  entered  by 
the  subjeot.  When  all  processes  entered  had  been  servioed,  the 
subjeot  was  given  feedback  regarding  the  state  of  eaoh  servioed 
prooess  at  the  instant  before  servicing  of  that  prooess  was 
completed  CM"  indicating  the  normal  state,  "0"  indicating  the 
failed  state).  If  a  serviced  prooess  had  in  faot  been  in  the 
failed  state,  the  time  of  failure  was  also  lndioated.  An 
iteration  in  the  trial  ended  with  erasure  of  the  display  and 
sooring  of  the  subjeot* s  performanoe  on  the  Iteration. 

Another  iteration  was  then  begun  by  generating  a  new  display 
depioting  the  prooess  histories  advanoed  in  time  by  an  amount 
equal  to  the  sum  of  the  servioe  times  of  the  prooesses  entered  on 
the  last  iteration  plus  an  additional  lnorement  of  5  time  units. 
The  display  whioh  would  follow  that  shown  in  Fig.  1  is 
illustrated  by  Fig,  3, 
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Fig.  3.  The  display  whioh  would  follow  that  shown  in  Fig.  1. 
(The  dashed  vertioal  lines  indioate  to  the  subjeot  the 
point  at  whioh  servioe  of  eaoh  prooess  was  last 
oompleted . ) 
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Two  subjects  were  given  six  trials  with  this  experimental 
situation  over  a  period  of  three  to  four  days.  Each  trial 
consisted  of  25  iterations  (an  initial  display  followed  by  24 
updated  displays)  and  was  of  approximately  45  minutes  duration. 
The  parameter  values  associated  with  eaoh  of  the  nine  processes 
were  as  deploted  in  Figures  1  and  3*  These  values  were  held 
oonstant  across  all  trials,  but  the  actual  interarrival  times 
used  to  schedule  failures  on  the  successive  trials  given  a 
subjeot  differed  from  trial  to  trial.  The  interarrival  times  of 
the  failures  scheduled  to  ooour  in  a  prooess  were  exponentially 
distributed  with  a  mean  equal  to  to  the  MTBF  associated  with  that 
prooess.  Not  all  scheduled  failures  aotual.ly  occurred.  If  a 
failure  was  scheduled  to  oocur  in  a  prooess  in  which  a  previous 
failure  had  not  yet  been  attended  to,  the  scheduled  failure  was 
deleted  from  the  trial. 

Prior  to  beginning  the  six  trials  with  the  experimental 
situation  described  above,  the  subjeots  were  given  five  trials 
with  a  situation  in  whioh  the  decision  making  tasks  were  somewhat 
simpler.  In  these  trials  MTTR  was  set  to  zero  and  C  to  one  for 
all  processes.  Eaah  updated  display  depioted  the  prooess 
histories  advanoed  10  time  units  from  the  preceding  display. 
With  zero  MTTR  and  equal  C  for  all  processes,  the  deoislon  bo 
allooate  attention  to  one  prooess  Involved  no  diversion  of 
attention  from  the  other  processes  and  a  delay  in  servicing  one 
prooess  was  no  mors  oostly  than  a  delay  in  servicing  any  other 
process,  After  soanning  the  prooess  histories  depioted  on  the 
display,  the  subject  simply  entered  the  numbers  of  prooesses  in 
whioh  he  had  decided  failures  had  ooourred.  These  trials 
provided  the  subjeots  with  experience  in  the  detection  of  prooess 
failures  without  the  additional  task  of  deciding  how  bo  allooate 
attention  among  processes  with  different  attentional  requirements 
and  oosts.  Subjeots  were  also  given  several  iterations  of 
training  before  these  trials  during  whioh  solid  vertioal  lines 
were  lnoluded  on  the  process  histories  bo  mark  exaotly  when  and 
where  events  had  ooourred  (see  Fig.  2). 


RESULTS 


Two  analyses  of  varianoe  were  performed  on  the  attention 
allocation  deoisions  made  by  eaoh  of  the  two  subjects  on  the  last 
four  trials  of  the  experiment.  The  first  of  these  analyses 
examined  the  effeots  of  MTBF,  MTTR,  and  C  on  the  number  of  time 
units  which  elapsed  from  the  time  at  whioh  a  prooess  failed  until 
the  time  at  whioh  the  subjeot  responded  to  the  failure.  The 
seoond  analysis  examined  the  effeots  of  the  three  parameters  on 
the  number  of  time  units  which  elapsed  from  the  time  at  whioh  the 
subject  keyed  in  a  process  number  to  the  time  at  which  service  of 
the  prooess  was  initiated.  The  analyses  did  not  inolude  the 
attention  allocation  decisions  made  with  respect  to  prooess  5. 
The  parameter  values  associated  with  the  other  eight  prooesses 
comprised  a  factorial  design  with  two  levels  for  eaoh  of  three 
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factors  (MTBF,  MTTR ,  and  C)  . 


Table  1  presents  the  results  of  the  analysis  of  variance  for 
the  elapsed  time  from  failure  of  a  process  until  response  to  that 
process.  The  analysis  indicates  that,  of  the  three  parameters 
studied,  only  the  costs  associated  with  the  prooesses  had  a 
significant 'effect  on  the  time  at  which  the  subject  responded  to 
the  failure  of  a  process.  This  was  true  for  both  subjects  (31 
and  32).  The  analysis  also  indicates  that  none  of  the 
interaction  effects  of  the  three  parameters  were  statistically 
signif loant . 


Table  1. 

Time  until 

response 

to  a  failure 

Analysis 

Of  Variance 

Source  Of 

Degrees 

Of 

F0 

Variation 

Freedom 

SI 

S2 

SI 

S2 

MTBF  (A) 

1 

1 

0.66 

2.  14 

MTTR  (B) 

1 

1 

0. 

0.02 

Cost  (C) 

1 

1 

5.28  * 

6.00  * 

AB 

1 

1 

0.25 

0.64 

AC 

1 

1 

0.18 

2.14 

BC 

1 

1 

0.24 

2.02 

ABC 

1 

1 

3.60 

0.01 

Error 

96 

128 

*  Significant 

at  the  2.5* 

level 

Table  2  presents  the  results  of  the  analysis  of  variance  for 
the  elapsed  time  from  the  subject’s  entry  of  a  prooess  number  to 
the  initiation  of  service  of  the  prooess.  This  analysis 
indicates  that  the  costs  associated  with  processes  seleoted  for 
servioe  on  a  given  iteration  of  the  experiment  had  a  significant 
effect  on  the  order  in  which  these  prooesses  were  soheduled  for 
servioe.  This  was  true  for  both  subjects.  The  analysis  also 
indicates  that  for  SI  the  MTTRs  associated  with  the  prooesses 
also  had  a  significant  effect  on  the  subjeot’s  ordering  of 
prooesses  for  servioe  on  a  given  iteration.  Again,  none  of  the 
interaction  effeots  of  the  parameters  were  statistically 
significant . 
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Table  2.  Time  from  prooess 

entry  to 

Initiation 

of  service 

Analysis 

Of  Variance 

Souroe  Of 
Variation 

Degrees  Of 
Freedom 

F0 

SI 

S2 

SI 

32 

MTBF  (A) 

1 

1 

0.40 

0.15 

MTTR  (B) 

1 

1 

17.59  * 

1.36 

Cost  (C) 

1 

1 

14.25  * 

29.63  * 

AB 

1 

1 

0.04 

0.15 

AC 

1 

1 

1.10 

0.60 

BC 

1 

1 

0.70 

0.27 

ABC 

1 

1 

0.40 

0.27 

Error 

1 04 

16B 

*  Significant  at  the 

level 

A  MODELING  APPROACH 


Analysis  of  the  attention  allocation  performance  in  the 
speoiflo  multiple  prooess  monitoring  situation  presented  in  this 
paper  indicated  that  the  decision  to  attend  to  a  prooess  was 
Influenced  by  the  cost  associated  with  the  delay  of  servlae  to 
the  prooess.  The  mean  time  between  failures  in  the  prooess..  and 
the  mean  time  required  to  repair  the  process  did  not  appear  to 
exert  a  strong  influence  on  this  decision.  Once  the  decision  had 
been  made  to  allocate  attention  to  several  processes,  the  order 
in  which  these  processes  were  attended  appeared  to  be  influenced 
by  both  the  cost  of  delay  of  servioe  and  the  mean  time  to  repair 
associated  with  the  prooess.  The  mean  time  between  failures  in 
the  prooess  again  appeared  not  to  exert  a  strong  influence. 

The  attention  allocation  performance  of  a  human  operator  in 
this  situation  might  then  perhaps  be  modeled  using  a  two  stage 
procedure.  In  the  first  stage,  the  operator  estimates  the 
probability  that  each  of  the  processes  has  failed  based  on  his 
observation  of  the  displayed  prooess  histories.  If  this 
probability  exceeds  a  threshold,  the  operator  includes  this 
prooess  among  those  for  whioh  servioe  must  be  scheduled.  The 
value  of  this  threshold  would  depend  on  the  costs  associated  with 
the  processes. 

In  the  seoond  stage  of  the  attention  allocation  procedure, 
the  operator  must  determine  the  order  In  whioh  the  processes 
selected  in  stage  1  are  to  be  serviced.  One  possible  approach 
might  be  to  service  these  processes  in  order  of  highest  to  lowest 
C/MTTR.  That  is,  of  the  processes  selected  for  attention  in 
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stage  1  ,  that  process  for  which  the  associated  cost  of  delay 
divided  by  the  mean  time  to  repair  is  highest  would  be  serviced 
first.  The  process  for  which  this  quotient  is  lowest  would  be 
servioed  last.  This  approach  is  motivated  by  the  fact  that  the 
experimental  situation  can  be  modeled  in  queueing  terms  as  an 
(M/G/1)  queue  with  a  nonpremptive  priority  service  discipline  and 
finite  queue  capacity.  Failures  ooour  in  any  of  nine  processes 
and  await  servioe  by  the  operator.  Cox  and  Smith  C 1 2 ]  have  shown 
that  for  an  (M/G/1)  queue  with  a  nonpreemptlve  priority  service 
discipline,  the  servicing  of  customers  in  order  of  highest  to 
lowest  C/MTTR  is  optimal  in  the  sense  of  minimizing  the  expected 
coat  due  to  delays  in  servioe.  This  simple  result  does  not  hold, 
however,  for  a  system  with  finite  queue  capaoity.  Mova  and 
Ponomarenko  [13]  have  shown  that  the  optimal  priority  assignment 
for  suoh  a  system  varies  with  the  instantaneous  configuration  of 
the  queue. 

The  queueing  results  olted  also  assume  that  oustomers 
present  themselves  unequivooally .  That  is,  the  probability  that 
.  a.. customer . ,is  pceaervt  is  .either  zero, or  one.  In  the  process 
monitoring  situation  considered  in  this  paper,  failures  do  not 
present  themselves  unequivooally.  The  operator  oan  seldom  say 
with  absolute  certainty  that  a  prooess  has  or  has  not  failed. 
The  model  of  event  detection  performance  proposed  by  Greenstein 
and  Rouse  [11]  has  been  applied  to  a  multiple  prooess  monitoring 
situation  very  similar  to  the  one  described  in  this  paper  and  oan 
be  used  to  generate  estimates  of  the  probabilities  of  prooess 
failures.  The  two  stage  model  of  attention  allooatlon 
performance  suggested  here  allows  those  processes  for  whloh  the 
failure  probability  exoeeds  threshold  in  stage  1  to  be  treated  in 
stage  2  as  oustomers  whioh  have  presented  themselves 
unequivooally. 


CONCLUSION 


The  human  operator's  allocation  of  attention  among  multiple 
dynamic  processes  has  bean  considered.  An  experimental 
investigation  of  the  human's  attention  allocation  performance  in 
a  speoiflo  multiple  prooess  monitoring  situation  was  described. 
In  this  experiment,  subjeots  simultaneously  monitored  nine 
dynamla  processes  for  the  ocourrenoe  of  failures  and  made 
decisions  regarding  the  processes  to  whioh  they  wished  to 
allooate  attention.  Parameters  assoolated  with  eaoh  of  the 
prooesaea  were  the  mean  time  between  failures  of  the  prooess,  the 
mean  time  required  to  repair  the  prooess,  and  the  cost  per  unit 
time  of  delay  in  servicing  the  prooess.  Analysis  of  the 
subjeots'  attention  allooatlon  performance  in  this  experimental 
situation  indioated  that  the  dealsion  to  attend  to  a  prooess  was 
influenced  by  the  cost  assoolated  with  the  delay  of  servioe  to 
the  prooess.  The  mean  time  between  failures  in  the  prooess  and 
the  mean  time  required  to  repair  the  prooess  did  not  appear  to 
exert  a  strong  influence  on  the  deoision.  Onoe  the  decision  was 
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made  to  allocate  attention  to  several  processes,  the  order  in 
which  these  processes  were  attended  appeared  to  be  influenced  by 
both  the  cost  of  delay  of  service  and  the  mean  time  to  repair 
associated  with  the  prooess.  The  mean  time  between  failures  in 
the  prooess  again  appeared  not  to  exert  a  strong  influence. 

A  two  stage  procedure  was  suggested  as  an  approaoh  to 
modeling  the  operator's  attention  allocation  performance  in  this 
situation.  k  set  of  processes  to  whioh  attention  is  to  be 
allocated  is  seleoted  in  the  first  stage.  Selection  of  a  prooess 
for  attention  is  based  on  an  estimate  of  the  probability  that  the 
process  has  failed  and  on  the  coats  associated  with  the 
processes.  The  order  in  which  the  processes  seleoted  in  stage  1 
are  servioed  is  determined  in  the  second  stage  of  the  procedure. 
This  order  might  be  chosen  to  minimize  the  expected  cost  due  to 
delays  in  service  of  the  processes  seleoted  in  stage  1.  It  is 
also  possible  that  a  simpler  ordering  strategy  achieving  low,  but 
not  minimal  expeoted  oosts  might  be  employed. 

We  now  plan  to  continue  our  experimental  investigation  of 
attention  allocation  performance  in  the  multiple  prooess 
monitoring  situation  described  in  this  paper.  Of  the  three 
parameters  manipulated  in  the  experiment  disoussed  here,  the 
oosts  and  the  mean  times  to  repair  associated  with  the  processes 
appear  to  be  most  interesting  in  terms  of  their  effeots  on  the 
operator's  attention  allocation  decisions.  We  are  therefore 
planning  an  experiment  in  which  three  levels  of  eaoh  of  these  two 
factors  are  employed  aoross  the  nine  processes  of  the  display. 
The  results  of  this  investigation  will  be  used  to  refine  and 
validate  a  model  of  human  attention  allocation  whioh  oould  be 
used  in  the  design  and  implementation  of  a  computer-aided  prooess 
monitoring  system. 
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Abstract 

Properties  of  the  human  operator  and  results  of  previous  studies  Indicate 
reasons  to  use  nonuniformly  sampled  systems  for  modeling  man-machine  systems. 

Modern  estimation  and  identification  theory  is  used  to  establish  a  frame¬ 
work  for  the  analysis  of  nonuniformly  sampled  systems.  The  irregularly  sampled 
version  of  a  time  invariant,  linear,  stochastic,  dynamic  system  is  used  for 
quantitative  study.  No  assumptions  on  the  sampling  sequence  are  imposed  but 
sampling  Intervals  have  to  be  known  explicitly.  The  human  operator  is  partially 
modeled  by  a  state  estimator  which  uses  nonuniform  samples  of  the  plant  output. 

When  the  parameters  of  the  supervised  system  are  partially  known,  the  irregular¬ 
ly  spaced  observations  of  the  input  and  output  signals  are  used  for  both  para¬ 
meter  identification  and  state  estimation.  Sequential  and  off-line  algorithms 
have  been  developed  for  the  identification  and  estimation  processes. 

In  this  paper  we  focus  on  theoretical  development  of  state  estimation  and 
parameter  identification  methods  for  nonuniformly  sampled  systems  which  can  be 
applied  in  modeling  of  manually  controlled  systems. 

I.  Introduction 

The  basic  goal  in  developing  models  of  the  human  operator  is  to  systematic¬ 
ally  and  easily  predict  pilot  behavior  and  system  performance  in  complex  control 
tasks.  After  the  model  has  been  derived,  properties  of  the  composite  man-machine 
system  can  be  investigated.  Researchers'  interest  usually  focuses  on  the  following: 

-  To  determine  the  overall  dynamics  of  the  man-machine  systems. 

-  To  specify  the  man  to  machine  task. 

-  To  improve  the  overall  system  performance  by  allocating  the  operator's 
attention  and  actions. 
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Xn  this  Introductory  part  we  summarize  the  major  studies  in  manual  control 
systems  (that  is,  systems  where  a  human  operator  is  a  part  of  the  closed  loop 
system  according  to  Fig.  1). 


Tracking  System  Regulator  System 


y(t)i  Displayed  output  w(t):  Noise  &  Disturbances 
u(t):  Manual  Controls 

Fig.  1:  Manual j v  Controlled  Systems 


This  selected  summary  is  then  used  to  explain  the  reasons  for  using  nonuniformly 
sampled  system  mo:. els  for  the  operator.  In  the  next  sections  (II,  Ill,  and  IV) 
we  present  the  results  of  a  theoratical  study  on  nonuniformly  sampled  systems. 

The  main  approaches  in  modeling  the  human  operator  have  been  the  frequancy 
response  describing  function  es  applied  by  Me  Ruer  and  Weir  [25]  and  ths  optimal 
control  approach  used  by  Klelnman,  Baron  and  Lavlson  [16].  The  latter  approach 
was  applied  to  the  hover  control  of  a  VTOL-type  vahicla  [16].  The  same  model 
was  applied  to  the  multlaxis  manual  control  of  a  fighter  aircraft  by  Harrington 
[13].  Rapa  and  Wlsrwllle  [32]  presented  experimental  results  which  wern  aimed 
at  determining  the  influence  of  the  vehicle  control  character la ties  on  driving 
performance  and  comfort.  The  helmsman  of  a  large  ship  was  modeled  and  simulated 
successfully  by  Veldhuyzen  [41];  in  his  approach  frequency  domain  ideas  were 
use.4,  to  optimize  the  model  parameters.  A  very  interesting  study  in  modeling  the 
human  operator  as  a  supervisor  of  a  distributed  computer  network  was  done  by 
Tuga  and  Sheridan  [40];  this  is  a  typical  example  of  modeling  the  hiererchial 
control  of  large  scale  syg terns  including  a  human  as  a  decision  maker.  Rouee'B 
[33]  dissertation  and  his  later  studies  [34]  in  modeling  the  human  by  using  mod¬ 
ern  estimation  theory  approaches  and  hypothesis  testing,  is  a  good  theoretical 
background  for  improving  existing  models.  The  experiments  by  Knstrom  [8)  to  find 
the  attention  allocation  between  control  and  monitoring  tasks  are  also  bAsed  on 
hypothesis  testing;  to  assume  more  than  one  model  and  choose  the  one  that  best 
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fits  the  experimental  data. 

Application  of  Identification  methods  by  Gabay  and  lierhav  [10]  to  a  closed 
loop  task  gives  a  closed  form  result  for  the  transfer  function  of  the  human 
operator;  the  result  is 

G(s)-5.5exp(-0.19a)  . 

Such  results  depend  upon  the  particular  experiment;  for  example,  Wijk  end  Kok 
[44]  suppress  the  exponential  term  when  the  plant  la  relatively  slow.  Recent 
studies  In  the  area  of  Improving  models  of  humans  by  using  the  position  of  the 
eye  were  presented  by  Rtppergat  and  Hartsall  [31];  the  effect  pf  work  load  on 
the  variances  of  the  observation  and  motor  noise  [16]  has  bean  studied  partially 
in  [42]  and  [43]. 

1  In  the  following,  we  introduce  the  assertion  that  the  human  operator  can 
be  modeled  as  a  state  estimator  of  a  nonunlformly  sampled  system.  Other  research¬ 
ers  [34],  [7]  have  demonstrated,  with  some  success,  that  the  operator  does  con¬ 
struct  an  internal  modal  of  the  phenomena  with  which  ha  is  concerned  (a  Kalman 
filter),  so  he  can  predict  its  behavior  and  control  it.,  The  baaic  idea  behind 
the  assertion  of  using  nonunlformly  sampled  systems  for  such  models  is  thet  the 
operator  does  not  observe  the  output  of  the  system  "continuously"  but  "samples" 
the  output  at  discrete  time  instants;  at  the  aama  time,  ha  manually  controla 
the  plant  in  a  discrete  manner. 

The  first  indication  of  the  desirability  of  considering  nonunlformly  sampled 
models  for  the  plant  cornea  from  the  Kleinman  at  al.  [16]  modal.  The  human  oper¬ 
ator  controla  e  linear,  time  invariant,  atochaatlc  system  optimally,  aubjact  to 
hia  inherent  limitation!,  these  limitations  are  considered  to  bat 

-  A  time  delay  (t),  rapraaanting  cognitive,  visual  central  processing  and 

nauromotor  delays. 

-  "Remnant"  signals,  divided  into  an  observation  noise  C(v  (t)}  with  covari- 

V 

ence  V^)  to  represent  signal  degrsdetlon  due  to  vork  load,  scanning  effects 

and  signal  thresholds,  end  >  motor  noise  ({v  (t)}  with  covariance  V.J  to 

m  m 

represent  random  errors  in  executing  the  intended  control. 

-  A  "neuromuscular  leg"  (t^)  to  represent  neuromuscular  dynamics. 

A  block  diagram  of  their  model  is  illustrated  in  Fig.  2.  In  this  model  the  esti¬ 
mator  is  designed  by  using  a  continuoua  time  Kalman  filter  or  s  discrete  time  in¬ 
variant  one.  If  we  aasuma  thet  the  visual  sampling  rets  (of  the  displayed  out¬ 
puts)  is  not  constant,  the  estimator  needs  modification*.  There  ere  eaverel 
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v  :  Motor  Noise  with  covariance  V  • 

w  m 

v  :  Observation  Noise  with  covari- 
tem  y  j 

•  ariance  V  . 

y 

HO:  Human  Operator. 


Fig.  2:  Human  Operator  Model  [16] 

atudlea  on  such  visual  sampling  processes  [47]  and  experiments  on  the  sensitivity 
of  the  eye  that  can  be  used  to  adapt  the  original  model.  As  an  example,  Alan  and 
Ruer  [2]  have  found  that  a  driver's  delay  (c)  Increases  at  lower  vehicle  speeds 
due  to  decreasing  speed.  Therefore,  if  the  irregularity  of  the  visual  sampling 
rate  is  taken  into  account,  the  model  can  be  Improved. 

The  second  Indication  of  the  irregularity  of  the  sampling  comes  from  Rouse 
[34],  Kok  [17]  and  Kvalsalh  [15].  They  underline  the  hypothesis  that  the  human 
supervisor  acts  partially  as  obaerver/raconatructor  and  partially  as  controller/ 
decision  maker.  The  following  hypothesis  are  als^  used: 

-  The  model  of  the  observer  depends  on  the  supervised  system,  the  display 
and  the  noise  parameters, 

-  The  controller  part  depends  only  on  the  supervised  system  and  can  be  con¬ 
sidered  independent  of  the  observer  part. 

Now,  if  we  Impose  the  hypothesis  that 

-  the  human  supervisor  acts  as  a  discrete  process  with  a  unique  processing 
unit, 

the  observation  rata  depends  on  the  time  it  takes  to  process  a  given  piece  of 
information  and  the  time  it  takes  to  realize  the  controlling  action.  This  fact 
is  illustrated  in  Fig.  3. 


CA;  Control  Action  Time  t^;  Observation  Sampling 

PTs  Information  Processing  Time  tjj:  Controlling  Sequence 


Fig.  3:  Process  and  Control  Sequence  Timing 
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Another  indication  of  sampling  irregularity  comas  from  systems  containing 
computers  as  well  as  humans.  In  large  scale  systems  (e.g.  computer  networks) 
the  time  between  the  lower  priority  tasks  is  usually  Irregular  because  of  the 
asynchronous  Interrupt  configuration.  For  modeling  such  systems,  a  nonunlformly 
sampled  modal  is  appropriate.  To  be  more  specific,  we  refer  to  the  task  of  a 
pilot  controlling  an  aircraft  by  giving  appropriate  commands  to  a  computer  (Pal¬ 
mer  [27]).  In  this  supervisory  role,  the  pilot  must  allocate  his  attention  bet¬ 
ween  monitoring  the  aircraft  performance  and  giving  commands  to  the  computer  (sea 
also  the  simulation  results  by  Enatrom  and  Rouse  [8]).  In  this  example  an  inter¬ 
ruption  in  observing  the  flight  measurements  due  to  attention  to  "other  duties" 
or  "side  tasks",  causes  nonuniform  sampling  of  obeervations. 

The  above  reasons  explain  why  the  controlled  plant  is  actually  observed  and 
controlled  nonunlformly.  Thereafter  the  following  questions  arise t 

-  How  can  we  find  the  sampling  inatants  {t0,t^,.,.};  in  other  words,  what 

are  the  statistics  of  the  intervals  T  -t-t? 

n  nri  n 

-  What  modifications  are  necessary  to  existing  models  if  we  assume  nonuniform 
sampling? 

In  this  paper  we  deal  with  a  part  of  the  above  subject.  The  class  of  systems  and 
the  assumptions  for  the  following  presentation  aret 

-  The  controlled  plant  is  a  multiple  input-output,  linear,  time  Invariant 
observable  and  controllable.  The  parameters  of  the  plant  are  not  neces¬ 
sarily  known  "exactly"}  this  means  that  parameter  identification  also 
takes  place. 

-  Additive  noise  with  known  statistics  corrupts  the  measurements,  the  con¬ 
trolled  plant,  and  the  control  input. 

-  Both  the  control  Inputs  and  the  observed  outputs  are  sampled  simultaneous- 

A 

ly  at  t^sneNp  and  the  intervals  Tn"tr,+2“tn!neN£i  ar*  *s,um*d  t0  known 
explicitly.  There  are  no  assumptions  on  the  length  of  Tn> 

In  reality,  the  observation  sequence  {t^}  can  be  found  by  sensing  the  position  pf 
the  eye  with  respect  to  the  display  and  the  controlling  sequense  {t"}  can  be  found 
by  sensing  the  changes  of  the  actuators.  We  raalice  that  the  above  schemes  are 
not  necessarily  the  best  ones  (e.g.  the  human  might  be  observing  the  display  and 
performing  his  control  task  as  in  [8]).  Generalisation  to  a  broader  class  of 
systems  and  relaxation  of  the  last  restrictions  ("simultaneously"  and  "interval 
known  explicitly")  are  subjects  of  future  work. 

*  The  set  is  defined  byj  N^"{0,1, . . . } .  Similarly,  Nb(1,2,...}, 


i.  . 


47 


The  results  of  the  analysis  of  nonuniformly  sampled  systems  are  presented 
in  the  following  manner.  In  Sec.  II  the  linear  system  is  sampled  nonuniformly 
and  modeled.  In  Sec.  Ill  ws  refer  to  state  estimators  for  the  nonuniformly  sam¬ 
pled  systems;  at  the  end  of  the  paper  in  the  appendix,  computational  aepaets 
related  to  the  real  time  implementation  of  the  estimators  are  presented.  In  Sac. 
IV  we  assume  that  the  original  linear  system  is  partially  known;  then  we  try  to 
estimate  the  states  of  the  system  and  to  Identify  the  parameters  using  irregularly 
taken  samples.  Finally  in  Sac.  V  we  indicate  areas  of  future  work  and  possible 
extentions.  Moat  of  the  proofs  have  been  omitted  but  the  interested  reader  can 
find  them  in  [18]. 


II.  Models  and  Simulation  Algorithms 

In  this  section  the  nonuniform,  sampling  process  is  studied.  A  linear,  time 
invariant,  stochastic  model  is  sampled  at  time  instants  t^:n  N  .  The  objective 
here  is  to  find  the  difference  equations  which  relate  input  and  output  samples. 

The  state  space  representation  of  the  physical  system  (plant)  is  assumed  to 
be  the  following  stochastic  differential  squationt 

d  X“F  xd  t+G ..  ud  t+G  „  „  dw 

a  la  2a  (s) 

dy-Cgxd t+Dgudt+dv 

where  Ffl  is  an  nxn  real  matrix,  and  Ggs  are  nx^  and  n xlg  matrices  respectively, 
Cg  is  an  mxn  observation  matrix,  and  D0  is  given  by  CGj0.  The  n-,  m-dlmanslonal 
stochastic  procasses  {x(t)}  and  {y(t)}  are  the  states  and  the  observations  (out¬ 
puts)  respectively.  The  plant  noise  and  the  measurement  noise  are  modeled  by  l g- 
and  m-dlmensional  Wiener-Levy  uncorrelated  processes  with  Incremental  covariances 

m  m 

E{dwdw  }»Qdt  and  Etdvdv  }"Rdt  respectively.  The  control  input  u(t)  is  assumed 
to  be  an  l^-dimensional  deterministic  signal.  The  above  system  S  comes  from  the 
superposition  of  a  deterministic  and  a  stochastic  system  (S^  and  S,,  respectively), 
and  la  specified  by  the  equations i 

Aj-FXj+G^u 

y2-cx2  <s2) 

dXg«F  x,dt+G^dw 

dy2“Cax2dt+dv  (S2) 
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dy-dyj+dyg 

Tha  nonuniform  aatnpllng  procaaa  Is  atudlad  aaparataly  for  tha  datermlniatlc 
ay at am  and  the  atochaatlc  ay a tom  Sg.  Tha  aamplad  varalon  of  S  can  ba  found 

by  aolvlng  tha  atata  aquatlona  from  tn  to  t^.  Tha  raault  la  a  time  varying 
diacvete  modal  SD  given  bys 

y3(tn)-c*3(tM) 

where  hn  la  a  particular  point  between  tn  and  tfl 
are  given  byt 


and  tha  matrlcaa  A(n)  and  B(n) 


A(n)-axpFTn>  T„-t  ,-t 
T 

f  n 

B(n)-(  axpF(Tn-a)da)G2 


(1) 

(2) 


If  tha  aamplaa  {u(t  ) mcN^}  are  available,  tha  sequence  {u(hn) mcN^}  cannot  ba  found 
if  no  aaaumptlon  on  tha  claaa  of  admiaaibla  functlona  u(t)  la  lmpoaed.  In  many 
practical  altuationa,  whara  u(t)  la  piacawiaa  continuoue,  a  aat  of  k+1  previous 

aamplaa  <u< . u(tn_5)  ,u(tn)}  can  ba  uaad  to  evaluate  u (&M)  by  extrapolation 

mathoda.  In  [18,  pp.  39-32)  a  generalisation  of  Newton-Qregory  extrapolation  [12] 
in  the  nonuniformly  apacad  data  eaae  la  used  for  auch  evaluation.  Also  in  [1,  Ch.  2] 
and  [30,  Ch.  8]  aavaral  interpolation  mathoda  by  uaing  aplina  functions  are  pre¬ 
sented.  State  rapraaantatlon  of  interpolation  algorithms  [26]  can  bo  combined  with 
the  equation  SD  to  Include  both  the  ayatem  representation  and  the  extrapolation 
algorithm.  For  simplicity,  the  aaaumptlon  that  u(t)  is  piecewise  constant  (  u(t): 
te[tn,tn+J),  neNp)  ia  imposed.  ThiB  aaaumptlon  ia  not  vary  crude;  there  are  situa¬ 
tions  where  this  is  true  a.g.  bang-bang  control,  pulse  width  modulation  control, 
helaman's  task  [41]  etc.  The  physical  analog  of  auch  an  assumption  is  to  approxi¬ 
mate  a  system  S ^  by  another  one,  proceeded  by  a  sample  and  hold  device.  Than, 


u(Jin)-u(fcn)  mr.Np 


(3) 


The  sampled  version  of  the  stochastic  model  Sg  can  be  found  by  UBing  an  averag¬ 
ing  sampler  [39,  pp.  174-176]  as  a  sampling  device.  The  result  is  a  stochastic 
difference  equation  of  the  form: 
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Xo(tn+2)-A(n)x2<tn)+w2(n) 

z(n)-C2(n)x2(tn)+v2(n) 

where  zCnJ-y^Ct^^ j)-y2(tn) ,  A(n)  Is  givan  in  (1),  C2(n)  is 


C0(n) 


[  n 

«CjaxpF(TM-i 


and  ths  procsssas  (w2(n)}  and  {v2(n)}  ats  described  statistically  byt 
E{wa(n)}-0{  cov{w2(n)  ,w2(m)  }"Q2(n)<$K(n-m) 

E{v2(n)  }"0j  cov{v2(n)  ,v2(ra)  J-R^nJd^n-m) 
cov{w£<n)  ,v2(m)  J-R^n^n-m) 


with, 


t  n 

Qg(n) - j A<Tm-s) G2QG^AT<Tm-s) ds 
0  T 

R2(n)-CgtjB2(Ttt-s)QB2(TM-s)ds3Cg+TnR 
TL  0 

Rw(n)-t]A(Tn-s)G2qB^(Tn-.)d.]C^ 


A(TM-s)-axpF(Tn-s) 


i  **■ 

t  n  * 

r  -»>■[  a(t - 

tl  n 


*)dr]G, 


Ths  proof  of  tha  abova  ralationshlps  can  ba  found  in  [18,  Ch.  2]  and  [3,  pp.  82-36]. 
Eqa  (3),  (6)  and  (7)  show  that  tha  procesaas  (w2(n)}  and  {vfl(n)}  ara  nonstationary 
and  corralatad.  Tha  simulation  of  tha  system  SS  by  a  digital  computar  implias  fast 
calculation  of  tha  integrals  (8),  (9),  (10)  and  (12).  This  is  discussed  in  Sec.  III. 
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Fig.  A:  The  Model  of  the  Plant 
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The  conclusion  o f  this  section  is  that  the  plant  S  can  be  simulated  by  two 
systems  SD  and  SS.  The  simulated  states  and  outputs  are: 

(13) 

(The  subscripts  1  and  2  denote  the  deterministic  end  the  stochastic  component  of 
the  variables  respectively,)  The  overall  model  of  the  plant  is  illustrated  in 
Fig.  4. 


III.  State  Estimation  of  Nonuni formly 
Sampled  Systems 

Estimation  theory  is  often  employed  to  develop  a  memory  representation  of 
how  the  human  gradually  forms  an  internal  model.  In  extensive  studies  on  human 
decision  making  by  Rouse  [8.  33,  34],  the  subject  is  required  to  estimate  the 
state  of  a  dynamic  process.  For  example,  to  successfully  drive  a  car,  purchase 
stocks  and  bonds,  or  plan  a  raaaarch  project,  the  human  must  predict  future  states 
of  various  dynamic  processes,  The  behavior  of  the  human  supervisor  as  a  state 
estimator  is  widely  used  [16,  44]. 

Rouse's  theory  [34]  on  short-term  and  long-term  adaptation  is  based  on  model¬ 
ing  the  controlled  plant  as  a  time  invariant  discrete  process  and  the  human  as  a 
discrete  estimator-identifier.  This  assumption  can  bs  crude  in  the  following  sensei 
visual  scanning  of  ths  plant  output  display  in  general  is  not  regular  due  to  atten¬ 
tion  allocation  cauaed  by  "control  interrupts"  and  because  of  the  nonconstant  du¬ 
ration  of  the  decision  making  process.  Therefore  the  following  idea  is  proposed t 
to  use  a  discrete  state  estimator  of  the  nonunlformly  sampled  version  of  the  linear 
time  invariant,  dynamic  plant.  In  the  preceding  Sec.  Ill  we  saw  that  an  appropri*: 
ate  model  is  not  time  invariant  but  time  varying  (Eqs.  SD,  SS,  and  (13)). 

In  Fig.  3  we  relate  the  nonuniform  estimator  assertion  to  the  model  proposed 

by  Klelnman  at  al.  [16].  The  vehicle  dynamics,  the  motor  noise  and  the  observation 

noise  are  assumed  to  be  part  of  the  plant.  For  this  section,  we  assume  that  the 

delays  and  the  noiee  covariances  {  }  are  known.  The  objective  is  to 

design  the  equalisation  network  or  more  specifically  the  estimator  based  on  the 

sampling  saquance  {t  :«cN}.  When  V, and  V  ara  given  by  Eqs.  (21)  and  (22)  of 

n  y  m 

their  paper  [16],  the  adjustment  of  the  modal  can  be  done  by  following  their 


i 
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procedure  but  with  a  different  estimation  algorithm. 

In  the  following  we  state  the  estimation  problem  in  the  nonuniformly  sampled 
data  case,  the  difficulties  Involved  and  finally  a  possible  solution. 

We  are  given  the  Eq.  S  which  is  assumed  to  describe  the  plant  dynamics,  the 

neuromotor  dynamics,  the  motor  and  tho  observation  noise.  Based  on  the  sampling 

sequence  {t  meN  } (known)  and  the  system  S  we  can  find  the  discrete  equations  SD, 
n  o 

S3,  and  (13).  The  objective  is  to  estimate  the  states  x(tM)  baaed  on  the  obser¬ 
vations  {y(tn)j«eN}. 


Fig.  3:  Modifications  of  the  Modal  of  Human  Operator 

The  extended  Kalman  filter  [36,  Ch.  8]  can  be  applied  for  the  above  systems. 
The  particular  difficulties  for  such  an  application  are: 

-  The  driving  noise  (w^(n)}  and  the  measurement  noise  {vg(n)>  in  S3  are 
correlated  according  to  (7)  and  (10). 

-  The  overall  estimator  should  contain  the  effect  of  the  control  input  u(t). 

-  The  estimator  has  to  bo  updated  from  step  to  step  because  the  system  para¬ 
meters  A(n) ,  8(n),  Bg(n) ,  and  Cg(n)  change  from  tn  to  tn+j ;  also  the  pro¬ 
cesses  {wg(n)}  and  (vg(n)}  are  nonstationary  (Rg(n),  Qg(n) ,  and  R^Cn)  are 
functions  of  T„) . 

The  first  difficulty  is  overcome  by  transforming  the  system  SS  to  another  one  with 
uncorrelated  system  and  observation  noises  [36,  Sac.  8.2].  Because  of  the  linear¬ 
ity  of  both  models  SD  and  SS  we  can  combine  an  open  loop  state  observer  for  SD  and 
a  Kalman  estimator  for  SS  [39,  Sec.  5-7].  In  this  manner  the  effect  of  the  control 
input  can  be  taken  into  account.  The  computational  difficulties  have  been  reduced 
to  a  minimum  by  two  techniques:  application  of  Sylvester's  theorem  and  the  use  of 
Jordan  canonical  form.  Both  techniques  are  summarized  in  Appendix  1. 


After  the  computational  difficulties  have  been  eliminated,  a  real  time 
procedure  can  be  applied  for  state  estimation.  The  steps  are  presented  below 
[18,  pp.  184-200] » 

Nonunlformly  Sampled  System  State  Estimation  Algorithm 

1.  The  algorithm  starts  with  the  following  initial  data 

Ft  Ojt  Cjt  C,  R,  Q,  Kj(0) i  tj“tjt  u(0) ,  y(l) , 
and  the  following  calculations 

A(0),  B(0),  Cg(0),  Afi(0),  Bj(0) ,  Qa(0),  R2<0>,  R^O),  Qs(0>, 

(the  formulas  for  the  above  evaluations  are  given  in  step  2), 
xs(0)-0 

x^ (l)*A(0)x^ (0)+B(0)u(0) 

(l)«*CXj  (1) . 

The  next  step  is  executed  with  n»0. 

2.  The  algorithm  continues  using  the  j«t„,  n-t^  interval. 

A(n+1)  from  Eq.  (A2)  or  (A7), 

B(n+1)  from  Eq.  (A3)  or  (A10) , 

Cg(n+1)  from  Eq.  (A3)  or  (A13) , 

Q2(n+1)  from  equation  (A4), 

R^(n+1)  from  Eq.  (A5) , 

R  (n+1)  from  Eq.  (A6) , 

W 

A2(n+l)-A(n+l)-Ru(n+l)R2:(n+l)C2(n+l>  (14) 

B)J(n+l)-Ru(n+l)Rg1(n+l)  (13) 

Q3(n+l)-Q2(n+l)-R!i;(n-t-l)R'2(n-l-l)Rj(n+l)  (16) 

3.  Computation  of  the  prior  estimates  takes  place.  The  input  u(n+l)  and  output 
y(t+2)  are  sampled. 

x  j  ( n+2 )  “At  n+1 )  ( n+1)  +B  ( n+1 )  u  ( n+1 ) 

y2(n+2)-Cx2 (n+2) 

z(n+l)-y(n+2)-y^ (n+2)-[y(n+l)-yz (n+1) ] 
x2(n+l/n)-A2(n)x2(n)+B3(n)z(n) 

P(n+l/n)"A2(n)P(n/n)A2(n)  (17) 
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4.  The  Kalman  gain  and  estimate  of  x(n+l)  are  calculated  now, 

P(n+l/n+l)-[>'2  (n+l/n)+Cg(n+l)Qg2  (n+l)Cg(n+l)  ]’,2P(n+l/n)  (18) 

K(n) -P  (n+l/n+l)cj  (n+1)  qj2  <n+l) 

x2(n+l)-jtg(n+l/n)4K(n)Ct(n)-C2(n+l)xg(n+l/n)]  (19) 

x(n+l)«x^(n+l)+Xg(n+l)  ' 

(x(n+l)  la  the  estimate  of  x(t?<^,)).  The  algorithm  continues  at  step  2. 

The  major  result  of  this  section  is  the  previous  algorithm  with  "input"  the 
continuous  time  parameters  (F,  0^,  Gg,  C,  R  and  Q)  and  "output"  the  estimate  x(n+l) . 
The  intervals  Tn  have  no  restrictions  (they  can  be  arbitrarily  large  or  small)  but 
they  must  known  explicitly.  For  theoretical  studies  a  Prediction  Error  Model  [11] 
or  an  Associated  Model  [44]  of  the  above  estimation  algorithm  is  available.  The 
form  1st 

xCn+D-f^l  x(n),u(n),n  ]+f2(n)ts(n)  (20) 

y(n)  -gjt  x(n),u(n),n  ]+u(n) 

where  (v(n))  is  a  white  Qausslan,  aero  mean  process  (innovations).  The  functions 
f2(.),  ff ^ ( • ) *  g j(.)  and  the  covariance  of  (t>(n))  are  calculated  recursively  [18,  Sec. 
4-2].  The  delay  t (Fig.  3)  can  be  taken  into  account  at  the  forth  step  of  the  algo¬ 
rithm  by  adding  the  equation 

x(t(t+t)-A('t)x(n) . 

Obviously,  the  structure  of  the  optimal  controller  (the  gain  l *)  is  not  affected 
by  using  the  previous  algorithm. 


IV.  Parameter  Identification  Using  Irregularly 
Spaced  Samples 

Having  fixed  the  overall  description  of  the  controlled  plant,  the  parameters 
of  the  human  model  can  be  found  by  an  identification  scheme.  In  many  other  cases 
the  model  of  the  plant  is  not  exactly  known  and  a  composite  man-machine  model  is 
desired.  Generalizing  the  identification  procedures  in  the  nonuniformly  sampled 
data  case  we  look  for  a  model  of  the  man-machine  task.  The  statement  of  the 
problem  follows. 


We  are  given  the  structure  of  a  system  S 

P 


(which  represents  the  controlled 
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plant  and  the  human  operator)  In  terma  of  a  vector  of  unknown  parameters  p.  Math¬ 
ematically  the  system  is  assumed  to  be  described  by; 

dx*Fo(p)xdt+G^0(p)udt+G28dw  (Sp) 

dy*C  (p)xdt+D  (p)udt+dv 

a  8 

where  p  might  contain  unknown  elements  of  F  ,  G,_,  C .  Because  of  the  nature  of  the 
system  or  because  of  our  inability  to  observe  the  system  regularly,  we  assume  thst 
the  irregularly  spaced  samples  of  u(t)  and  y(t)  at  t-tn:KtN  are  given. 

The  objective  is  to  find  an  estimate  of  the  vector  p. 

Additional  assumptions  are  imposed  on  the  above  system. 

1.  The  noises  (v(t)}  and  (w(t)}  are  described  statistically  as  Wiener-Levy  processes 
with  known  covariances  Q  and  R. 

■2.  The  initial  state  x(0)  of  the  system  Sp  and  the  vector  p  are  assumed  to  be  Gauss¬ 
ian  random  vectors  with  means  xQ  and  pQ  and  variances  Sx  and  Sp  respectively. 
This  restriction  is  not  severe;  for  example,  if  we  let  Spaol  with  a  a  large 
number  we  do  Include  a  large  class  of  practical  problems  with  "completely  un¬ 
known"  p. 

3.  Identiflsbllity  [4]  and  resolvability  [17]  criteria  should  be  satisfied.  Im¬ 

proper  initial  states  and/or  system  representation  might  result  in  an  unidenti¬ 
fiable  system.  For  the  following  development  we  assume  that  any  system  {F^, 

Gj0  ,  Cg)  algebraically  equivalent  to  (Vg,  G^0,  Cg>  is  a  solution  of  the  problem 
(actually  in  [17]  it  la  stated  that  identification  of  the  actual  system  Sp  can¬ 
not  be  dona  but  only  identification  of  the  associated  system  (20)). 

4.  The  sampling  sequence  is  not  unrestricted.  In  [18,  pp.  133-149]  it  is  shown 

that  there  exist  sequences  (tn>  under  which  the  sampled  version  of  Sp  is  un¬ 
observable  even  if  S  is  observable;  thus,  ill  conditioned  sequences  must  be 
P 

excepted  from  the  identification  procedure. 

The  parameter  identification  problem  is  solved  by  the  following  two  methods. 

First  Approach;  Llnaar  Estimation  Formulation 

In  this  subsection,  we  deal  with  s  particular  class  of  nonuniformly  sampled 
systems.  The  state  representation  of  tha  linear  Bystem  before  sampling  is  assumed 
to  be  (Pearson  [28]): 

A(t)-F(p)x(t)+0(p)u(t)  (21) 

y(t)-Cx(t) 

x(0)«xo;  ucR1;  xcRmq;  yiR® 


-F2  I  0  .  .  0 

-Fg  0  I  ...  0 


-F^  0  0  ...  I 


G(p)“ 


C«[  I  0  0  ...  0  ] 
tn 


where  F  is  qmxqm,  F^  is  mxm,  G  is  qmxl,  G^  is  raxl;  C  is  mxqrn  and  p  is  a  vector 
containing  all  the  unknown  elements  of  F  and  G.  The  identification  problem  is  to 
find  the  vector  p  whan  the  measurements  y(tn)  and  the  controls  u(tM)  are  available. 

Let  us  use  the  notation: 

-  F^ ,  3 x(t),  y(t)  to  stand  for  the  estimates  of  F^,  G^,  x,  and  y  respectively. 

-  DF^,  DG^  to  mean  the  errors  F^-F^  and  G^-C^ respectively. 

-  «  to  be  the  error  of  the  estimates  of  p,  defined  by: 


•-  [DgJi  DFn  W„...  DF^  ]  J  Sg«[  00 jj  DGjS...  DG^j  ] 

2 

where  DF^  and  DG^  are  the  cf-th  rows  of  DF^  and  DG^  reepectively  (Df  is  m  q~ 
vector,  and  Dg  is  mq 1-vector) . 

-  Y(t)  and  U(t)  to  mean  the  following  matrices: 


yr(t)  o  . 

.  0 

C 

rr 

0  e  t  »  0 

*<  t>- 

0  yr(t). 

.  0 

U(t)» 

0 

ur(t) . . .  0 

0  0  . 

•  y2,  (t) 

0 

• 

0  ...ur(t) 

It  can  be  proved  [18,  pp. 277-288]  that  the  above  quantities  satisfy  the  follow¬ 
ing  (linear)  equation: 

y(tn)-y(tn)-H(tM)e-HJ(tM)  (23) 

f6n 

H(t  )-0  expF(t  -a)  [Y(s)  j  U(s) ]ds  (26) 

n  J  ft 

0 

W(tn)-CexpF(tn-t0)  [x(to)-x(to) ] 

At  this  point  the  parameter  estimation  problem  is  considered  to  be  solved. 

Eq.  (25)  is  a  linear  set  of  equations  of  the  unknown  errors  ej  the  function  H(t^) 
can  be  calculated  from  input-output  signals.  Notice  also  that  the  term  U(t)  vanishes 
quickly  if  the  eigenvalues  of  the  selected  matrix  F  are  located  in  the  left  half 
plane.  Evaluation  of  H(.)  can  be  done  by  the  following  methods: 
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-  Using  measurement  devices. 

-  Using  a  computer  extrapolation  algorithm. 

The  first  method  becomes  clearer  by  viewing  H(.)  as  an  output  (matrix)  of  a 
set  of  linear  systems  starting  from  zero  initial  state  (see  also  Fig.  6). 


(t)-Fw^(t)+Y(t)  output  measurement  system 

(27) 

W"0* 

Wg(t)-Fwg(t)+U(t)  input  measurement  system 

(28) 

w2(t0)-°, 

(29) 

The  second  method  is  very  similar  to  the  previous  one;  digital  filters  can  be 
Implemented  to  interpolate  the  points  y(t^)  and  u(t^)  and  evaluate  the  integral 
in  (16)  by  using  a  computer  algorithm.  After  H(t^)  has  been  found,  estimation  of 
the  error  e  of  the  parameter  p  can  be  done  by: 

-  the  least  squares  method  (Sandoz  [35],  Hsla  [14]), 

-  an  adjustable  observer  (Luenberger  [21,  22],  Narendra  [23]), 

-  or  a  recursive  linear,  time  varying  Kalman  filter. 

If  rhe  measurements  are  noisy  it  la  known  that  the  least  squares  method  give 
a  biased  estimator.  Several  algorithms  exist  to  remove  the  Mis  error,  term.  (See 
landau  [19],  and  Astrom  [4].)  We  intend  to  consider  this  Ider.H.  float  ion  scheme  as 
a  generalization  of  the  Instrumental  variables  method  (Young  [45,  46])  in  the  non- 
uniformly  sampled  data  case.  Gabav  and  Merhav  [10,  9]  have  successfully  applied 
Young's  method  to  identify  human  operator  models*,  using  the  modifications  we  suggest 
the  above  scheme  can  be  generalized  in  the  nonuniformly  sampled  data  case. 
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Second  Approach:  Nonlinear  Estimation  Formulation 

The  previous  approach  has  a  disadvantage:  it  does  not  take  into  account  the 
statistics  of  the  system  and  measurement  noise;  the  method  is  primarily  useful 
for  systems  with  low  level  noise.  In  this  subsection  we  outline  a  more  general 
approach  and  then  we  present  it. 

Step  1:  Formulation  of  the  parameter  identification  problem  ae  a  nonlinear, 
time  varying,  state  estimation  problem  of  an  augmented  system  is  accomplished. 

Step  2:  Application  of  the  maximum  likelihood,  the  maximum  apoeteriorl  and 
the  weighted  least  squares  method  results  in  a  deterministic  (cost)  function; 
minimization  of  such  a  function  subject  to  system  constraints  assure  us  that  ths 
model  matches  to  the  input  and  output  samples. 

Step  3;  Minimization  of  the  cost  function  is  accomplished  by  using  variation¬ 
al  calculus.  The  result  is  a  two-point  boundary-value  problem  (TPBVP), 

Step  4:  We  present  an  off-line  algorithm  that  can  be  used  to  solve  the  TPBVP. 
Several  other  algorithms  can  be  used  for  the  same  purpose. 

Step  5:  We  present  an  on-line  algorithm  that  can  be  used  to  solve  the  TPBVP 
real  time.  The  algorithm  is  based  on  the  invariant  imbedding  equations. 

Because  of  the  length  of  the  proofs  moat  of  them  have  been  omitted;  appro¬ 
priate  references  are  given  to  direct  the  reader. 


Step  1:  The  Augmented  System 

Thu  sampled  version  of  equations  S  can  be  found  by  using  the  results  of  Sec.  II: 

r 

x2<  W"A<P*V^  <y+B(p;Tn)u(tn>  <SDp) 

yj<tn)-c(p)x2(tM) 

x2<t„^)-A(PiTM)x2<tM)4v2(t>i)  (SSp) 

y2(tn^>"ys<t«>"C2(psVx2(t«)+v2(tn) 

pCk+Z  )-p(«) 


The  last  equation  means  that  the  unknown  parameters  of  F,  G  ,  and  C  should  remain 


invariant  with  respect  to  time.  Parameter  identification  of  systems  SDp 
can  be  seen  as  state  estimation  of  an  augmented  system  of  the  form: 


and  SS 


P 


xa(n+l)«Aatxa(n) ,n]+Ba(n)wa(n)  (Sa) 

ya(n)"Co:txa^n)  'n)+va<n) » 

where 

xa(n)«col[x;(tn) ,  x2(tn),  p(n>);  ya  C  n)  «y<  t^) 
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and  the  functions  A  [.],  B  [.],  and  C  [.]  are  defined  properly  in  terms  of  A(p;Tn), 

B(p;T  ),  and  C„(p;T  )  (Schweppe  [39],  Sage  and  MelBa  [38],  [18,  pp.  211-215]). 
n  c  yi 

Step  2:  The  Cost  Function 

Application  of  the  maximum  likelihood  method  to  determine  an  estimate  xa(n) 
of  the  augmented  state  *a(n)  of  S3  requires  the  following  assumptions! 

1.  (va(n)}  to  be  white  Gaussian  noise  with  aero  mean  and  variance  Ra[xa(n),n). 

2.  {wfl(n)}  to  be  a  stochastic  process  with  aero  mean  and  uncorrelated  to  {va(n)h 

3.  The  observations  {y(tp  ,  y(tg),  ...  y(tp}  t0  b*  available. 

Then,  maximisation  of  the  conditional  probability  density! 


PCya(cj)  *  •  •  •  '  ’ '  *  ^ 

is  equivalent  to  minimization  of  tha  cost  function 


(the  notation  ||  z;  Q|f  meana  z^qz) 

with  respect  to  {^(1) . *a(N) }  and  subject  to  the  equality  constraints 

xM+l)mk[xU),j)  (32) 

a  cl  u 


In  the  same  manner,  application  of  the  maximum  apo$teriori  method  requires 
the  fallowing  additinal  assumptions i 

4.  {w  (n)}  to  be  white  Gaussian  process  with  asrp  mean  and  variance  Q_[x  (n),n]. 

CL  c.* 

5.  x  (t  )  to  be  a  Gaussian  random  vector  with  mean  x  and  variance  S  . 

g  o  w  W 

Then,  maximization  of  the  aposteriori  probability  density: 


Ptxa<to) . . 1 

is  equivalent  to  minimization  of  the  cost  function  JMA: 
JMA"q0+q2+q2+q3 

q3-l/2^f  ||  yaU+D-Calxaa+l)J+l]i  lT*  [xfl(jVI)  tj+l]  |f 

N-t  1 

qs-l/2  X  II  «,(</>!  Q” 


N 


q3-l/2  l  lndetRa[x(3(^),.;]detQa[xa(j-2 )  J-l] 


dBi 


(33) 

(34) 

(35) 

(36) 

(37) 


59 


•  Ah- 1 


*"*  rrtVT  T«  *?-' ’ww v«w~.rw.-. »r"K‘:Twrr» ’^rpy.i jyuiB'yEa 


subject  to  the  ryatem  equalities  (32)  and  using 

wa<3)"xa(j+])-Aatxa(j) ,j]  (38) 

In  otder  to  apply  the  least  squarai  method  to  minimize  the  Initial  state  error, 

the  output  error  and  the  trajectory  error  between  the  real  world  samples  and  the 

output  of  the  model  8  ,  we  need  the  following  coat  function: 

S  (39) 

JLS“1/2||  xa<0)-xo5S’I||  2+l/2  £||  ya(J+l)-Ca[xa(j+l),j+l];R“2(j+l)||  2+||  wfl(.1)  jQ^  (j)  ||  2 

where  S^,  R^  and  are  given  (aprlorl)  positive  aemidefinite  matrices  which  do  not 
depend  on  x^. 

The  proof  of  the  above  statements  ((31),  (33)  and  (39))  can  be  fuund  in  [18, 
pp,  213-237,  also  in  39  and  33],  For  the  following  development  we  use  the  function 
JLS  to  derive  the  TFBVF;  if  the  assumptions  under  which  minimization  of  (39)  does 
not  correspond  to  exact  model  matching  are  not  mat,  JML  or  JMA  can  be  used.  The 
following  steps  do  apply  to  more  general  cost  functions. 

Step  3:  The  TJPBVP 

The  trajectory  of  the  state  that  minimises  the  cost  function  JLS  can  be 
found  by  using  the  maximum  principle  [5,  37],  Let  us  simplify  the  notation  (and 
make  our  procedure  more  general)  by  using: 

<t>[xa(i),w<2(i)  1 " Aa t sta C i )  ,i]+Ba(i)wa(i>  (40) 

a  t-  / rt\  l—i  In  II—  /rt\  —  e-“l|l  2  > , 


eo[xa(0)]-l/2||xa(0)-xos  s;J|S 


etXg(i)  ,wad)  1-1/2  II  ya(i+l)-Ca[<))[xa(i)  ,wa(i)  ]  ,i+l] }  R~2 (i+1)  ||  2+ 
1/2  l|waCi);  Q‘2  ||2 


xa(°) 


wa(0) 

v  •: 

[wa(ff)J 


The  necessary  conditions  for  minimization  of 

N-l 

JLS(Xiy,Wiy)-9o[xa(0)3+  l  6[xa(k),wa(k)] 

k  "0 

subject  to  the  system  equalities  are: 


3H/3x  (n)-X(n);  3H/3X(n+l)«x  (n+1) ;  ?H/3w  (n)-0 

a  a  a 
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where  H(.)  is  the  Hamiltonian 

H[xa(i)  ,A(i)  ,wa(i)  ]-9[xa(i)  ,wa(i)  ]+XT(i+l)  ^xa(i)  ,wa(i)  ] 

and  ^(i+1)  19  9  vector  (costate)  of  Lagrange  multipliers  associated  with  xfl(i) 
The  result  of  the  minimisation  is  the  following  TFBVPt 

xa(«itl)»Aa[xa(n),n]-Ba(«)Qa(n)Ba(n)A*",2X(n) 

Mn-bl)  -A*"2X(n)-K}*R"2(«+l)  tya(tnf2)-Cfl[xa(n«),««]] 


where , 


l(0)-S^[xe-xa(0)] 
X(N)  *0 


»9A^[xa(n) ,n]/3xfl(n) 


ca  -9Ca[xa(n+]),n+l]/3xa(n+l). 

Observe  that  if  the  dimension  of  the  vector  xfl  is  ,  Eqs  (47),  (48)  and  (49)  con¬ 
sist  a  system  of  C2//+l)nfl  nonlinear  equations  with  2/7+1'  times  na  unknowns.  Also, 
the  abov*  result  is  valid  under  the  assumptions  of  JLS.  If  JML  or  JMA  are  desired 
to  be  used,  equations  similar  to  (47)  and  (49)  can  be  derived. 

Step  4)  Off-line  Solution  of  the  TPBVF 

In  the  literature  [29]  there  exist  several  numerical  methods  to  solve  the  non¬ 
linear  TPBVF.  For  example,  first  order  gradient  (steepest  descent),  second  order 
gradient,  conjugate  gradient  and  quasilinearisation  methods  can  be  used.  In  the 
following  we  present  a  modification  of  the  first  order  gradient  method  presented  in 
[T8 ] .  The  basic  ides  behind  the  method  is  to  satisfy  the  set  of  equations! 

3H/3X(k+l)-xa(k+l)i  3H/3xa(k)-X(k);  3H/3wa(k)-0  (31 

and  to  try  iteratively  to  satisfy  the  boundary  conditions  (49).  In  [18]  it  is  pro¬ 
ved  that  if  (51;  are  satisfied  the  first  variation  of  JLS  (<$JLS)  is  given  by: 


d<[xa(0H  . 


dxa(0) 


-w> 


xfl(0) 


xfl(//)J 


Application  of  the  steepest  descent  method  gives  that  the  proper  steps  Axa(0)  and 


Ax  (/V)  should  be 
a 

Axa(0). 


dW0)J 

dxa(°) 


xa(N)~  k^X(/V) 
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where  k  and  k,  are  properly  selected  positive  number s.  The  algorithm  proceeds  as 

X  A 

follows. 


Estimation  arid  Identification  Algorithm 


1.  Pick  a  vector  xa(JV;i).  (The  argument  i  means  iteration  step.) 

2.  Find  the  vectors  x  (0 ; 1)  and  X(0;i)  by  solving  the  equations  (17),  and  (18) 

backwards  and  by  using  initial  states  X(iV;i)-0  and  from  step  1. 

3.  Update  xa(0}i)  end  X(0;i)  by  using 


xa(0;i+l)»xa«J;i)-ka- 

X(0}i+1)-X(0ji) 


deo[xa<0;i)3 

dxa(0-,i) 


4.  Find  the  vectors  xa($}i+l)  and  X(i7}i+1)  by  solving  the  equations  (17)  and  (18) 
forwards  and  by  using  Initial  states  X(0ji+1)  and  xa(0;i+l). 

5.  Update  xfl(iV;i+l)  and  X(Wji+l)  by : 

xa(ff;i+2)-xa(W;i+l)-kxX(^ji+l) 

X(tf}l+2)-0 

6.  Continue  to  step  2  until  there  is  no  significant  change  of  xa(0)  and  X(tf). 

The  major  advantage  of  this  algorithm  versus  the  existing  ones  is  the  low 
memory  requirements.  Array  processors  promise  a  reasonable  computation  time  for 
solving  problems  of  the  above  form. 


Step  Si  Sequential  solution  of  the  TPBVF. 

The  sequential  solution  of  the  nonlinear,  time  varying,  state  estimation  (and 
parameter  identification  problem)  is  a  current  area  of  research.  A  brief  review  of 
the  available  techniques  follows. 

-  Linearization  of  the  Kalman  filter  equations  about  a  nominal  point.  This  method 

is  based  on  the  Kalman  filter  as  an  estimator  of  states  and  parameters  after 

linearization  of  the  functions  Aa[xa(n),n]  and  Cfl[xa(n),n]  about  a  nominal  point 

x  (t  ).  The  major  disadvantage  of  the  method  is  the  selection  of  the  nominal 
m  n 

point  [39]. 

-  Linearization  of  the  Kalman  filter  about  the  old  estimate.  The  method  uses  as 

nominal  point  the  previous  estimate  of  xfl(n).  Serious  stability  problems  might 
arise  [39,  36]. 

-  Selection  of  a  linear  model  out  of  a  set  of  precalculated  models  (partitioned  algo 

rithms).  The  basic  idea  of  the  method  is  to  linearize  the  model  about  several 


'*.r 
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predetermined  operating  points  and  than  use  a  Kalman  filter  for  each  operating 
point  as  a  state  estimator,  A  decision  rule  can  be  used  afterwards  to  select 
the  model  that  gives  the  best  results.  Extensive  literature  on  this  approach 
can  be  found  in  [20,  24], 

-  Linearisation  of  the  invariant  imbedding  equations.  This  technique  is  widely 
used  to  solve  the  TPBVP  in  a  sequential  manner  [26,  3,  37,  33].  The  algorithm 
is  based  on  the  following  equations  [18,  pp.  291-301]! 

One  step  predictor, 

xa(n+l/n)*Aa[xaCn) ,n] 

Filter  algorithm, 

xfl( n+1 ) *xfl< n+1  / n) -HP (n+1 ) C  £Ra  2 ( n+1 )  [ya(n+l)-Ca[xa(n+l/n) ,n+l] ] 

C**acfl(w,n+l]/3w{  w-xa(n+l/n). 

Prior  variance. 

P(n+l/n)-A'rP(n)A*+Ba(n5Qa<n>Ba<n> 

A*-3Aa[w,n]/3wj  w«xa(n) . 

Error  variance, 

P(n+l)-[I+M^ZP(n+l/n) ] "2P(n+l/n) 

M*«  Ca(w,n+l)Ra2(n+l)C2t%,n+l){  w-xa(n+l/n) 

Initial  conditions! 

xa(0)-xoJ  P(0)-Sa 

T  T  T  T 

Because  the  functions  Aa(.),  and  Ca(.)  with  respect  to  xa«(x^  p  )  are  known, 
the  gradient  functions  can  be  calculaed  analytically.  In  [18]  the  above  calcula¬ 
tions  are  presented  whan  the  Jordan  diagonal  form  is  assumed  and  single  input  systems 
are  considered. 


V.  Conclusion 

Several  resons  for  using  nonuniformly  sampled  systems  as  models  for  human  moti¬ 
vated  this  study.  A  comprehensive  theory  of  the  irregular  sampling  process  is  the 
starting  point  of  the  whole  development;  then,  the  nonuniformly  sampled  models  are 
used  for  solving  two  fundamental  problems:  the  state  estimation  and  the  parameter 
identification.  Applicability  of  the  results  relies  on  the  computational  studies 
of  the  presented  algorithms. 

There  are  several  trends  and  extentions  of  this  research.  Practical  manual 
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control  problems  are  only  a  subclass  of  the  applications  of  the  theory.  Each 
individual  case  requires  special  treatment  and  futher  study.  One  direction  of 
our  work  is  towards  solution  of  the  nonlinear  estimation  problem  real-time  by 
using  partitioned  algorithms:  another,  is  towards  solution  of  the  estimation 
problem  in  the  case  of  statistically  known  intervale.  Sampling  sequences  with 
given  stochastic  characteristics  naed  futhsr  study. 


Appendix  1:  Computational  Aspects 
(from  Sec.  Ill) 

The  first  computational  technique  la  baaed  on  the  following  procedure: 

At  the  beginning,  the  component  matrices  [48]  F ^  8, . . . ,n  of  F  are  calculated 

and  stored.  Depending  on  the  multiplicity  of  the  eigenvalues  of  F,  Sylvester's 
theorem  or  the  extension  of  Sylvester's  theorem  [18]  is  applied  to  find  that 

g(F)-F2g(si)+...+Fng(aM)  (Al) 

where  g(.)  is  an  analytic  function,  and  s^  are  the  eigenvalues  of  F.  The  trans¬ 
ition  matrix  A(n),  and  tha  integrals  involved  in  the  calculation  of  B(n),  Cg(n). 
Rj;(n),  Qg(n)  and  R^Cn)  can  be  evaluated  by  properly  changing  the  definition  of 
the  g(.)  function.  Tha  results  are: 


A(n) 

(A2) 

»<n)  •[p;g2Ci)]C)i  cs<n)'cs^F<»2<‘i)1 

(A3) 

(A4) 

V*, lcT+Tn* 

(A5) 

V*>-lgw£ 

(A6) 

where  g^(.)  are  appropriate  functions  with  parameter  ([18]  pp.  102- 

120).  Observe  that  calculation  of  the  above  parameters  from  t  to  t  ,  involves 

j)  ft  fir  i 

a  summation  of  n  or  n  terms}  numerical  integration  is  completely  avoided. 

The  second  method  iu  based  on  the  Jordan  form  representation  of  the  system 
S  [6  Sec.  2-6].  The  calculation  of  the  system  parameters  A(n) ,  B(n)  and  C  (n)  is 
based  on  the  following  equations: 


A(n)-diag[A2(n) . . .A^(n) ] 

nxn 

(A7) 

Ai(n)«diag[A^2(n)  ...A^  (n)] 

t 

n.xn . 

v  v 

(A8) 

Ai/n)"Mi/V#xP*iTn 

(A9) 

B(n)-col[B2(n) . . .Bp(n) ] 

lx  n 

(A10) 

B^(n)"col[B^2 (n) . . -B^p  ,(n)  1 

i 

(All) 
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V 

-V  Vi 

if  8^0 
if  s^-0 

(A12) 

C£(n)-row[c3(n).. 

•  cr(n)] 

axn 

(A13) 

c^(n)-row[Ci3(n) ,  ••C£r  <n)] 

(A14) 

W'«>",,A -Wi 

It  .^0 

vn>- 

c.My  ;<T  > 

if  s^»0 

(A15) 

wh#r«  M^(Tn),  *nd  Z^(Tn)  are  mBtr*0t8  with  t*r»a  of  the  form  T^/k! 

and, 

tl.. 

f^-l+  i/s^  ...+  l/*y  [18] 

(r  la  tha  number  of  distinct  eigenvalues  of  F,  r^is  the  number  of  Jordan  blocks 
associated  with  the  eigenvalue  s^,  n^  is  the  dimension  of  the  Joint  Jordan  blocks 
associated  with  the  eigenvalue  s^  and  n^  is  the  dimension  of  the  J-th  Jordan 
block) . 

The  computation  time  of  the  above  parameters  is  very  low  and  the  problem  of 
evaluating  A(n) ,  B(n),  Cfl(n)  for  various  n  has  no  difficulty.  Evaluation  of  Qg(n) , 
Rg(n)  and  R^n)  by  following  the  same  technique  is  also  possible  [18,  pp.  130-134], 
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Abstract 

An  experiment  has  been  done  to  study  the  effects  on  divided  atten¬ 
tion  of  visual  shifts  and  long-term  memory  retrieval  during  a  monitor¬ 
ing  task,  A  concurrent  vigilance  task  was  standardised  under  all  experi¬ 
mental  conditions.  The  results  show  that  subjects  can  perform  nearly 
perfectly  on  all  of  the  time-shared  tasks  if  long-term  memory  retrieval 
is  not  required  for  monitoring.  With  the  requirement  of  memory  retrieval, 
however,  there  was  a  large  decrease  in  accuracy  for  all  of  the  time- 
shared  activities.  It  was  concluded  that  the  attentlonal  demand  of  long¬ 
term  memory  retrieval  Is  appreciable  (even  for  a  well-learned  motor  se¬ 
quence)  ,  and  thua  memory  retrieval  results  in  a  slsabla  reduction  in  the 
capability  of  aubjecta  to  dlvida  their  attention.  Also,  a  selected 
bibliography  on  the  divided  attention  literature  is  provided. 


*Furds  for  the  support  of  this  study 
have  been  allocated  by  the  NASA-AMES 
Research  Center,  Moffett  Field. 
California,  under  Interchange  No. 
NCA2-0R785-801. 


INTRODUCTION 


This  research  la  an  outgrowth  of  our  interest  In  problems  of  divided 
attention  that  are  associated  with  avionic  computer  systems.  Unlike  many 
other  man-computer  interactions,  the  pilot  has  other  time-shared  duties 
besides  interacting  with  the  onboard  computer.  Furthermore,  existing 
avionic  computer  systems  have  employed  a  variety  of  designs  for  the  man- 
computer  Interaction,  but  virtually  nothing  is  known  about  tha  attan- 
tional  demands  of  these  designs.  Some  systems  are  perhaps  easier  than 
others  to  operate  in  the  context  of  tlme-shered  attention.  However,  few 
generalities  can  be  learned  from  the  direct  study  of  existing  avionic 
designs  since  these  designs  simultaneously  very  on  too  many  dimensions 
which  many  affect  divided-attention  performance.  Also,  field  tests  are 
too  unstructured  and  uncontrolled  to  learn  about  the  mechanisms  affect¬ 
ing  performance  on  time-shared  tasks.  Thus,  in  the  present  research,  a 
controlled  laboratory  study  on  divided  attention  is  employed  in  order  to 
identify  the  critical  dimensions  that  affect  the  sharing  of  attention. 
Ultimately,  the  goal  of  the  laboratory  studies  is  the  establishment  of 
design  guidelines  for  future  man-computer  systems.  More  specifically 
in  this  study  the  number  of  steps,  shifts  in  visual  angle,  and  informa¬ 
tion  retrieval  from  long-term  memory  ware  investigated. 


METHOD 


Subjects 

Twelve  male  undergraduates  at  Tufts  University  served  as  subjects. 
Each  subject  received  $20.00  for  their  participation  in  three  sessions 
for  a  total  of  thraa-and-a-half  hours. 

Design 

There  were  three  experimental  tasks  performed  in  a  time-sharing 
manner.  The  experimental  tasks  consisted  of: 

1.  A  monitoring  task  with  three  response  buttons. 

2.  a  vigilance  task  with  a  single  response  button. 

3.  A  recall  taak  of  a  four-digit  number. 

Moreover  three  Independent  variables  wars  manipulated  corresponding  to 
the  parameters  of  the  monitoring  and  recall  tasks.  Tha  independent 
variables  consisted  of; 

1.  Tha  physical  distance  separating  the  three  monitor-response  buttons. 

2.  The  sequence  required  for  pressing  the  monitor-response  buttons. 

3.  The  amount  of  delay  between  tha  presentation  of  the  memory  Item 
(i.e.  the  four-digit  number)  and  the  recall  taat.  (This  delay  was 
scaled  in  terms  of  a  regularly  spaced  monitoring  stimulus,  and 
henceforth  the  delay  will  be  referred  to  as  the  memory  lag.  Thus, 

a  memory  leg  of  n  has  n  monitoring  stimuli  occurring  between  the 
memory  item  presentation  and  the  recall  teat.) 
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The  parameters  of  the  monitoring  teak  were  varied  among  three  experimen¬ 
tal  sessions.  The  values  for  recall  lag  cut  across  the  experimental 
sessions  and  all  values  were  tasted  at  aach  session. 

In  session  A,  the  physical  arrangement  of  the  monitor  buttons  was  a 
horicontal  lina  across  the  top  of  the  console.  The  buttons  were  3  cm 
apart,  center  to  center,  creating  a  visual  angle  of  approximately  3° 
for  the  subject.  The  sequence  required  for  monitor  button  presiea  was 
free,  except  that  all  buttons  ware  to  be  used  equally  and  no  button  could 
be  pressed  twice  consecutively. 

Session  B  differed  from  A  principally  in  the  arrangement  of  the  moni¬ 
tor-response  buttons.  The  configuration  of  their  placement  formed  a  30  cm 
aqualateral  triangle  with  a  button  at  aach  comer.  The  visual  angle  was 
approximately  28°  between  any  two  buttons. 

Session  C  was  also  similar  to  Session  A  except  that  a  set  sequence 
was  required  for  the  monitor  button  presses.  The  configuration  of  the 
monitor  buttons  was  at  the  top  of  the  Console,  as  in  session  A,  but  the 
subject  was  required  to  press  the  monitor  buttons  according  to  a  previ¬ 
ously  learned  pattern. 


Apparatus  and  Procedure 

The  subject  was  seated  approximately  60  cm  in  front  of  a  console  with 
4  buttons  and  a  9  cm  voltmater  face.  Three  of  the  buttons  were  designa¬ 
ted  as  monitor-task  buttons  and  the  fourth  was  designated  as  the  vigi- 
lance-task  button.  All  stimulus  presentations  ware  under  the  control  of 
a  Sony  TC630  stereo  tape  recorder.  The  subject's  button  presses  were  re¬ 
corded  by  event  markers  on  a  Narco-Bio  Physiograph  Six  polygraph.  All 
stlmulua  events  were  recorded  on  a  separata  channel  of  the  polygraph. 

Recall  task  stimuli  wars  presented  by  a  Kodak  Carousal  Projector  that  was 
swltchud  by  a  Lafayette  Voice  Kay.  The  vigilance  task  stimulus  was 
switched  on  by  a  Uhar  F422  diapllot.  See  Figure  1  for  a  more  detailed 
apparatus  schematic. 

Each  trial  began  with  the  0.5  sec.  visual  presentation  of  a  random 
four-digit  number.  Number  stimuli  were  screened  for  highly  meaningful 
patterns  and  those  beginning  with  sero  were  also  excluded.  The  monitor¬ 
ing  task  and  the  vigilance  task  followed  immediately  in  e  time  sharing  man¬ 
ner.  Each  trial  containad  18  monitor  stimuli,  presented  at  a  rate  of  one 
per  1.25  sec.  The  monitor  stimulus  consisted  of  an  audible  0.25  sec. 

600  Hs  tone  which  produced  an  8  volt  deflection  at  the  console  meter.  The 
vigilance  stimulus  was  a  needle  deflection  of  an  additional  6  volts  occur¬ 
ring  simultaneously  with  the  monitor  tone.  Six  vigilance  stimuli  were  distri¬ 
buted  randomly  within  each  trial.  The  monitor  task  and  ths  vigilance  task 
were  Interrupted  after  lags  of  0,  2,  4,  6,  or  8  tones  for  a  3.75  sec.  re¬ 
call  teat  of  the  memory  item  for  that  trial.  At  the  conclusion  of  the  re¬ 
call  Interval,  monitoring  and  vigilance  resumed  for  the  remaining  portion 
of  the  trial.  The  subject  was  allowed  a  5  see.  rest  after  every  trial. 

Each  experimental  seasion  conslatad  of  90  trials.  Eighteen  repli¬ 
cations  of  each  interrupt  lag  condition  were  distributed  randomly  through¬ 
out  each  session.  Each  subject  participated  in  all  three  experimental 
sessiona.  The  order  of  participation  in  session  A,  B,  and  C  wss  counter¬ 
balanced  across  the  twelve  subjects.  Prior  to  the  first  session,  each 
subject  received  training  or.  each  of  the  separate  experimental  tasks  and 
four  practice  trials  in  which  they  were  performed  in  a  time-sharing  man- 
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Figure  1  Apparatus  schematic 


ner.  Prior  to  Session  C,  the  subjects  were  given  one  day  to  memorise  the 
set  sequence  of  18  monitor-button  presses.  Also,  before  Session  C  began, 
the  subjects  had  to  demonstrate  that  they,  In  fact,  learned  the  sequence 
for  monitoring. 


RESULTS  AND  DISCUSSION 


The  results  are  broken  into  three  sections  corresponding  to  the  three 
time-shared  tasks.  Moreover,  prior  to  performing  statistical  tests,  per¬ 
centage  data  were  transformed  by  a  standard  arcsine  transformation  in 
order  to  better  assure  the  conditions  of  normality. 

Monitor  Task 

The  overall  results  for  this  task  are  quite  clear  as  shown  in  Table  1. 
Performance  la  extremely  accurate  in  both  Sessions  A  and  B,  but  decreases 
considerably  in  Session  C.  Since  performance  was  so  accurate  in  Sessions 
A  end  B,  the  data  for  these  experiments  wars  pooled  and  compared  to  the 
Session  C  data.  The  mean  monitor  accuracy  is  significantly  less  in  8asslon 
C,  t(ll)  -  4.73,  p  4.  .001. 


TABLE  1 


MEAN  PROBABILITIES  OF  CORRECT  RESPONSES,  INCORRECT  RESPONSES,  MISSES 
AND  FALSE  ALARMS  FOR  EACH  SESSION  IN  THE  MONITOR  TASK 


Session 


Rasoonse  Type 

A 

B 

. . _C 

Correct 

.994  ““ 

.754 

Incorrect 

.002 

.001 

.173 

Miss 

.001 

.003 

.026 

False  Alarm 

.001 

.002 

.003 

In  order  to  explore  the  nature  of  the  reduction  in  accuracy  in  Session 
C,  a  number  of  subsequent  analyses  were  performed.  Figure  2  shows  the 
probebillty  of  a  correct  sequence  of  button  presses  es  a  function  of  se¬ 
quence  length.  Note  that  this  curve  is  necessarily  a  decreasing  function 
since  an  error  at  any  monitor  step  number  mesne  that  the  sequence  is  also 
Incorrect.  Nevertheless,  ths  performance  in  Sees ions  A  and  B  is  highly 
accurate  for  all  sequence  lengths,  but  accuracy  is  lower  in  Session  C  for 
all  sequence  lengths.  The  probability  of  e  correct  monitor  sequence  of 
18  button  presses  is  greater  in  Session  A  and  B  than  the  probability  of 
even  a  one  member  sequence  in  Session  C.  Thus  the  requirement  of  recall¬ 
ing  the  monitoring  sequence  from  long-term  memory  has  a  a liable  effect  on 
monitoring  accuracy. 

The  actual  recall  of  the  four-digit  memory  item  is  an  interruption 
from  the  monitoring  and  vigilance  tasks.  Figure  3  shows  monitor  accuracy 
relative  to  the  interrupt  occurrence.  Performance  is  unlformily  high  in 


Session*  A  and  B,  although  there  is  a  slight  decrease  occurring  just  prior 
and  subsequent  to  the  Interrupts  The  data  from  Session  C  show  that  per-* 
formanca  is  higher  before  the  interrupt  than  after  the  interrupt. 

In  the  previous  analysis  the  O-lag  data  were  omitted  since  the  moni¬ 
toring  and  vigilance  tasks  are  not  interrupted  in  the  O-lag  condition. 
Figure  4  displays  the  monitoring  accuracy  as  a  function  of  monitor  step 
number  for  the  O-lag  condition.  This  display  thus  eliminates  the  effects 
of  interrupts  on  monitoring,  The  curve  for  Sessions  A  and  B  is  quite  flat, 
again  reflecting  the  high  performance  level  in  those  conditions •,  however, 
the  curve  for  Session  C  is  uniformly  lower. 

Overall  then,  thebe  was  no  effect  found  on  monitoring  performance 
for  the  spatial  arrangement  of  the  monitor  buttons,  Thus,  large  visual 
angle  shifts  of  28°,  that  are  required  in  Session  B,  did  not  significantly 
affect  the  monitoring  accuracy.  However,  requiring  the  retention  of  a  aet 
monitoring  sequence  in  Session  C  did  produce  a  dramatic  decrease  In  per¬ 
formance. 

Vigilance  Task 

The  overall  results  for  the  vigilance  task  are  sham  in  Table  2. 

Again,  parformance  is  very  accurate  in  Sessions  A  and  B  and  decreases  in 
Session  C.  Since  performance  was  equivalent  in  Sessions  A  and  B,  the  re¬ 
sults  of  these  sessions  were  again  pooled  and  compared  to  the  data  from 
Sasslon  C.  The  comparison  of  overall  accuracy  showed  that  performance 


TABLE  2 


MEAN  PROBABILITIES  OF  CORRECT  RESPONSES,  MISSES  AND  FALSE  ALARMS 
FOR  EACH  SESSION  IN  THE  VIGILANCE  TASK 

Session 


Response  Type 

A 

B 

C 

Correct 

.99} 

.$93 

M— *•»£! 

Mias 

.007 

.011 

.068 

False  Alarm 

.001 

.003 

.006 

decreased  significantly  in  Session  C,  t(ll)  *  7.018,  p  <  .00005.  As  is 
evident  in  Table  2,  this  parformance  decrease  is  almost  entirely  due  to 
an  increase  in  miss  rates  since  false  alarm  rates  are  very  low  in  all 
three  sessions.  Further  analysis  shows  that  not  only  the  overall  rate, 
but  also  the  pattern  of  errors  changed  in  Session  C.  In  Sessions  A  and  B 
63Z  of  the  errors  occurred  over  the  first  nine  monitor  step  numbers,  while 
only  46Z  occurred  for  these  monitor  numbers  in  Session  C.  The  memory  load 
in  Ssaaion  A  and  B  ia  largely  provided  by  only  the  retention  of  the  four- 
digit  number  which  is  required  only  for  first  part  of  tha  monitoring  se¬ 
quence.  However,  for  8ession  C  there  is  a  memory  load  throughout  the  en¬ 
tire  sequence  since  the  monitor  sequence  Itself  must  be  recalled  from 
memory.  This  difference  is  consistent  with  the  observed  patterns  of  vigi¬ 
lance  errors. 
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In  general  the  results  of  the  vigilance  task  axe  consistent  with  the 
monitor  results.  There  is  no  effect  of  spatial  array  found,  however,  a 
highly  significant  decrement  in  performance  occurs  in  Session  C  when  long¬ 
term  memory  of  the  monitoring  sequence  is  required. 


Results  from  the  Memory 


The  mean  percent  of  recall  is  shown  in  Table  3  as  a  function  of  ses¬ 
sion  and  lag.  Analysis  of  variance  was  conducted  on  these  data,  and  it 
showed  significant  main  effects  of  both  session  (F(2,22)  -  8.71  MSE  ■  .0064, 
pd.  .005)  and  lag  (F(4,44)  ■  6.87,  M8E  ■  .0247,  p  4.  .001).  The  session 
effect  resulted  from  a  significant  decrease  in  raeall  performance  in 
Session  C  below  the  vary  accurate  levels  maintained  in  both  Seaalons  A  and 
B.  This  difference  was  quite  consietant  across  all  lag  levels.  Although 
these  differences  tended  to  increase  as  lag  increased,  there  was  no  signi¬ 
ficant  interaction  between  session  and  lag.  The  main  effect  of  leg  is  dua 
to  the  decrease  in  recall  as  the  number  of  interpolated  events  increases. 
This  effect  is  consistent  across  all  sessions,  but  somewhat  attenuated  by 
celling  effects  in  sessions  A  and  B. 


TABLE  3 


ME AM  PROBABILITY  OF  CORRECT  RECALL  IN  THE  MEMORY  TASK 
AS  A  FUNCTION  OF  SESSION  AND  LAG 


Lag 


Session _ 0 _ 2 


.986 

.990 

.977 

993 

1.00 

.990 

.990 

981 

.972 

.954 

.940 

8 

.977 

.976 

.893 


Overall,  the  results  of  the  memory  task  are  very  similar  to  those 
found  in  the  monitor  and  vigilance  taskB.  Subjects  maintain  very  accurate 
performance  in  Sessions  A  and  B,  but  recall  of  a  set  sequence  in  the  moni¬ 
tor  task  results  in  a  significant  decrease  in  ths  recall  of  the  four-digit 
memory  item. 


SUMMARY  AND  CONCLUSIONS 


The  combined  results  of  the  monitor,  vigilance  and  memory  tasks  form 
a  clear  pattern.  The  data  from  Session  A  establish  that  subjects  can  suc¬ 
cessfully  divide  their  attention  across  these  three  tasks.  The  results  of 
Session  a  indicate  that  increases  in  visual  angls  for  the  monitoring  tank 
does  not  impair  performance  in  any  of  these  tasks.  In  contrast,  requiring 
subjects  to  recall  a  set  sequence  in  the  monitor  task  produces  a  signifi¬ 
cant  decrease  in  accuracy  in  all  three  tasks.  Thus,  the  information  pro¬ 
cessing  of  recalling  the  next  action  of  a  memorised  sequence  of  button 
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presses  impairs  processing  in  other  concurrent  tasks.  The  retrieval  from 
long-term  memory  of  the  next  action  requires  attention  that  otherwise  could 
have  been  directed  to  the  time-shared  activities.  The  attentlonal  demand 
of  mstnory  retrieval  is  appreciable  and  hence  results  in  a  sizable  decrease 
in  divided-attention  performance.  However,  without  the  Involvement  of 
long-term  memory  retrieval,  subjects  perform  nearly  perfectly  on  the  time- 
shared  tasks  of  recalling  a  recently  presented  random  number  and  of  per¬ 
forming  motor  responsee  to  monitor  and  vigilance  stimuli. 
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ABSTRACT 

Three  policies  of  attentional  resource  allocation  between  tasks  of  dynamically 
varying  difficulty  are  described •  Thane  policies— optimal  allocation,  optimal 
resource  expansion,  and  non-optimal  allocation  are  distinguished  analytically  by 
the  gain  of  the  transfer  function  between  task  difficulty  and  primary  end  secondary 
task  performance*  Eight  subjects  time-shared  two  compensatory  tracking  tasks  in 
which  the  control  dynamics  of  the  primary  task  fluctuated  continuously  between 
first  and  second  order*  Linear  control  analysla  of  the  difficulty  and  filtered  RMS 
error  performance  measures  Indicated  that  subjects  were  initially  non-optimal  in 
their  allocation  policy,  failing  to  guard  the  primary  task  in  the  face  of 
fluctuations  in  its  difficulty*  With  practice,  a  trend  toward  more  optimal 
performance  was  observed*  However,  close  analysis  and  comparison  of  these  data 
with  performance  in  constant  difficulty  dual  task  conditions  indicated  a  persisting 
limitation  in  subjects'  ability  to  reallocate  resources  from  the  secondary  task 
when  required  by  demand  changes  of  the  primary* 

INTRODUCTION 

When  two  tasks  of  similar  structure  are  performed  concurrently,  it  may  be 
assumed  that  the  performance  of  each  relies  upon  a  common  pool  of  processing 
resources  (1,2, 3, 4, 5].  When  more  resources  are  allocated  to  one  task,  as  a 
consequence  of  either  an  increase  in  its  difficulty,  or  of  its  required  performance 
level,  fewer  are  available  to  the  concurrent  task,  and  performance  of  the  latter 
will  deteriorate  accordingly*  The  joint  representation  of  concurrent  performance 
of  two  tasks,  as  resources  are  traded  off  between  them  is  presented  in  the 
Performance  Operating  Characteristic  or  POC,  an  example  of  which  is  shown  in  Figure 
la  [3]*  The  vertical  and  horisontal  axes  represent  performance  measures  on  task  A 
and  B  respectively,  such  that  good  performance  corresponds  to  higher  values* 

Single  task  performance  is  represented  by  the  points  falling  on  the  axes,  while  the 
points  within  the  space  correspond  to  hypothetical  performance  measures  in  dual 
task  conditions*  Three  such  conditions  are  indicated*  One  in  which  resources  are 
allocated  equally  between  tasks,  one  in  which  the  allocation  policy  favors  task  A, 
and  one  in  which  it  favors  task  B*  The  smooth  curve  connecting  the  points— the 
POC— represents  the  hypothetical  frontier  of  maximum  joint  performance,  across  the 
set  of  all  possible  allocation  policies  between  tasks* 

Gopher  and  Navon  [1,2]  have  described  how,  as  the  difficulty  of  one  task  (task 
B  in  Figure  1)  is  varied,  each  difficulty  level  generates  a  different  POC,  with 
tasks  of  greater  difficulty  moving  the  POC  closer  to  the  origin*  In  the  specific 
caee  of  dual  axis  tracking  when  the  difficulty  manipulation  employed  is  the  order 
of  the  system  transfer  function  (varied  from  first  to  second),  Gopher  and  Navon  [2] 
have  shown  that  the  set  of  POC's  thus  generated  form  the  fan-like  shape  shown  in 
Figure  lb*  The  Influence  of  task  difficulty  on  performance  of  both  tasks  grows  as 
more  resources  are  allocated  to  the  task  of  varying  demand. 
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Slngl* 

TASK  B  PERFORMANCE  TASK  B  PERFORMANCE 


(a)  (b) 


(c) 

Figure  1.  Performance  Operating  Characteristic  in  Constant  (a),  Variable  (b), 
a  Time- Varying  (c)  Difficulty  Conditions. 
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Within  the  framework  of  Figure  lb,  if  task  A  la  designated  as  primary— to  be 
held  at  a  criterion  level  of  performance  (indicated  by  the  horizontal  dotted  line), 
then  assuming  an  operator  of  fixed  capacity,  this  performance  can  be  achieved  by 
trading  off  resources  from  task  B,  the  performance  of  which  would  be  indicated  by 
the  points  h,  m,  and  1  in  Figure  lb.  Consider  now  the  performance  resulting  when 
the  difficulty  level  of  the  primary  task  is  varied  continuously  within  a  trial, 
rather  than  discretely  between  trials.  This  would  be  represented  by  the  POC  of 
Figure  lb  oscillating  between  the  two  extremes  of  difficulty  or,  alternatively,  in 
Figure  lc,  a  time  axis  is  incorporated  and  the  POC  now  represents  an  undulating 
surface.  Criterion  performance  le  the  horizontal  plane  that  intersects  this 
surface,  and  optimum  secondary  task  performance,  of  a  fixed  capacity  system  with 
perfect  allocation  is  represented  by  the  intersection  of  this  surface  with  the 
criterion  plane  projected  onto  the  secondary  task  (task  B)  "floor"  axis. 

An  alternative  representation  of  this  hypothetical  data  pattern  is  shown  in 
the  top  panel  of  Figure  2.  Wickens  and  Pierce  [6, 7]  have  argued  that  the  transfer 
function  of  the  inferred  resource  allocation  system  can  be  derived  from  linear  time 
series  analysis  of  the  difficulty  and  the  primary  and  secondary  task  performance 
signals  in  Figure  2.  The  pattern  shown  by  the  optimum  allocator  of  the  top  panel 
would  be  reflected  by  a  gain,  or  linear  coherence  value  (between  difficulty  and 
performance)  that  was  low  for  the  primary  task  relative  to  the  secondary.  This 
pattern  is  referred  to  as  Optimal  Allocation.  Alternatively,  the  optimal  operator 
could  maintain  constant  primary  task  performance  by  temporarily  expand  ins  the 
supply  of  available  resources  at  the  epochs  of  peak  primary  task  difficulty.  Such 
expansion  has  been  suggested  by  Kahnaman  [8]  to  be  mediated  via  the  role  of 
feedback  loops  associated  with  mechanisms  of  physiological  arousal.  Such  a  policy, 
referred  to  as  Optimal  Expansion  will,  of  course,  be  reflected  by  reduced  values  of 
gain  and  coherence  on  both  tasks.  Finally,  a  non-optimal  response  is  one  in  which 
a  fixed  supply  of  resources  is  maintained  to  both  tasks,  and  primary  task 
performance  varies  in  coherence  with  its  own  difficulty  fluctuations.  This  policy 
generates  primary  and  secondary  task  gain  values  opposite  from  those  of  the  optimum 
allocator.  In  summary,  two  dimensions  of  allocation  policy  may  be  identified.  The 
degree  of  optimality  is  indexed  by  the  difference  (or  ratio)  of  the  primary  and 
secondary  task  gain  measures,  and  the  degree  of  expansion  by  the  inverse  of  the  sum 
of  the  two  gains. 

Within  this  analytical  framework,  Wickens  and  Pierce  [6,7]  observed  that  the 
behavior  of  operators  engaged  in  dual  axis  tracking  fell  midway  between  the 
categories  of  optimal  and  non-optimal  allocation.  Both  gains  (and  linear 
coherence)  were  relatively  high  and  of  approximately  equal  value.  In  thslr 
experiment,  the  difficulty  parameters  (the  order  of  the  tracking  dynamics)  were 
varied  in  a  sorioa  of  spikes  and  steep  ramps  between  levels  of  first  and  second 
order.  The  observation  that  allocation  behavior  was  far  from  optimal  and  did  not 
appear  to  progress  toward  optimality  across  four  days  of  training  was  surprising 
and  served  as  the  instigation  for  the  present  study. 

A  potential  source  of  the  non-optimal  response  observed  by  Wickens  and  Pierce 
ia  the  severity  of  the  difficulty  changes.  As  a  consaqusnce,  in  the  present 
investigation  the  difficulty  "forcing  function"  was  modified  so  that  purs 
(non-truncated)  sinusoidal  components  were  employed,  spanning  the  range  between 
first  and  second  order  dynamics.  In  addition,  the  present  investigation  Included  a 
greater  number  of  constant  difficulty  control  conditions  than  did  the  prior  study, 
incorporating  conditions  during  which  the  primary  taak  wan  maintained  at  the 
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highest,  the  lowest,  and  the  average  level  that  is  obtained  under  the  variable 
condition. 

Method 

Subjects  performed  two  compensatory  tracking  tanka,  with  dynamics  of  the  form: 
Y  ■  K  (  2  +  £2  )•  The  variable  difficulty  parameter  a  could  thus  be  set  at  any 
value  between  0  (first  order  system)  and  1  (pure  second  order  system)*  Error 
indicators  of  the  two  tasks  were  displayed  laterally  on  a  CRT  display  with  a 
vertical  separation  of  0.7  degrees  of  visual  angle.  The  two  displays  had  a  small 
(1  degree)  lateral  offset;  the  right  of  center  display  was  controlled  by  left-right 
deflections  of  a  right  hand  control  stick  while  the  left  set  display  was  controlled 
by  a  control  stick  held  in  the  left  hand.  Both  tasks  were  driven  by  a  separate 
band  limited  Gausaion  disturbance  input  with  an  upper  cutoff  frequency  of  .32  Hz. 

Six  classes  of  trials  employed  in  the  experiment  can  be  dichotomized  in  terms 
of  whether  task  difficulty  was  constant  or  variable  during  the  trial,  and  whether 
single  or  dual  task  performance  was  required.  These  are  represented  in  Table  1. 

TABLE  1 
TRIAL  TYPES 

Primary  Task  Secondary  Task 

Trial  Designation  Difficulty  (a)  Difficulty  (a) 

DV  Variable  0.5 

D1  1.0  0.5 

Dual  TaBk 

Constant  D.5  0.5  0.5 

Difficulty 

DO  0  0.5 

S.  5  0. 5  None 

SV  Variable  None 

During  conditions  of  variable  difficulty,  the  difficulty  parameter  a  was 
driven  by  the  forcing  function  a  ■  A  (Sin  Fit  +  Sin  F2t ) •  The  value  of  was 
always  set  at  a  constant  value  of  .03  Hz.  The  value  of  F2  was  varied  on  alternate 
trials  between  .01  and  .02  Hz.  This  variation  was  Incorporated  so  that  subjects 
would  be  leas  able  to  predict  the  time  course  of  difficulty  variations  during  a 
trial.  Trials  were  200  seconds  in  duration,  allowing  two  or  four  full  cycles  of 
the  lower  frequency  component.  Eight  right  handed  male  subjects  were  employed  in  a 
within  subjects  repeated  measures  design.  On  day  1,  subjects  were  provided 
extensive  practice  in  all  task  conditions.  On  days  2-5,  following  an  Initial  trial 
of  a  D.5  type,  each  subject  received  the  6  trials  in  a  given  order,  followed  by  a  5 
minute  rest  break,  and  then  the  same  trials  in  the  reverse  order.  The  particular 
orders  used  were  partially  counter  balanced  across  days  and  subjects. 

Instructions  emphasized  that  the  right  hand  task  was  to  be  treated  as  primary. 
The  level  of  error  on  that  task  obtained  in  the  Initial  D.5  condition  was 
established  for  each  subject  on  each  day  as  the  criterion  level.  Subjects  were 
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instructed  to  maintain  that  level  on  all  subsequent  constant  difficulty  trials,  as 
well  as  across  the  deviation  of  the  DV  trial.  Financial  bonuses  were  employed  to 
reinforce  these  instructions. 


Results 


Global  RMS  Error.  RMS  error  values  for  the  primary  and  secondary  tasks  in  the 
six  conditions  are  shown  in  Figure  3.  The  figure  indicates  a  decline  in  error  on 
both  tasks  with  practical  a  greater  error  in  dual  as  opposed  to  single  task 
performance!  and  a  reduction  in  this  dual  task  decrement  with  practice. 


SESSION  SESSION 

Figure  3 

The  data  were  subjected  to  two  ANOVAS.  One  ANOVA  included  only  the  dual  task 
data  (both  primary  and  secondary  task)  and  a  second  included  only  the  primary  task 
data  for  the  single  task  (SV  and  S.5)  and  dual  task  (DV  and  D. 5)  conditions.  Both 
ANOVAS  Indicated  reliable  main  effects  of  sessions.  The  dual  task  ANOVA  indicated 
reliable  effects  of  cx  (0,  .3,  1  or  V)  and  task  (primary  vs.  secondary)  as  well. 


il  jfcAiMivma/sj-1  <  wata!'"' 
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TASK  DIFFICULTY 
(Percent  Acceleration) 


while  in  the  primary  teak  ANOVA  effects  of  constant  va.  variable,  dual  vs.  single, 
and  the  dual-single  X  sessions  interactions  were  all  statistically  reliable. 

RMS  £-n-a-y3ia‘  UT°  f,aluate  the  allocation  strategies,  the  raw  sampled 

RMS  error  values  were  smoothed  by  computing  the  running  average  of  these  values 
within  a  2  second  sliding  window.  The  200  averages  computed  every  second  for  a 
given  trial  were  thus  used  as  the  performance  (output)  data  in  the  time-series 

ISCSIS-  22T);  Separf  traHater  *•»««»«!  computed !  bl;r.n 

d  prl^ary  and  «°ondary  task  performance  for  each  subject,  in  each 
J' condition  on  days  1  and  4.  Preliminary  analyses  of  the  data  indicated 
amPl It ude- ratio  measures  provided  the  clearest  differentiation  between 
^"dl^onf»  80  only  the“  w111  b«  described  below.  It  should  be  noted,  however, 
that  the  linear  coherence  measures  obtained  here  were  consistently  lower  than  those 

theBpreaent  study"*  *"**  P1*rc*  t6’73,  beln8  of  vmIumm  generally  leas  than  0.50  in 

Figure  4  presents  the  ensemble  average  time-series  of  the  primary  and 

the°^rA<M?  ra«,ur“*  8arly  <t0P>  l*te  (bottom)  in  practice  for  one  of 

the  two  difficulty  forcing  functions  employed  F-(.02  Ha,  .03  Ha).  Inspection  of 
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Figure  4.  Ensemble  Average  of  Performance  and  Difficulty  Functions. 
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NORMALIZED  ABSOLUTE  ERROR 


Figure  4  Indicates  that  the  apparent  strategy  employed  early  in  practice  is 
non-optimal,  as  primary  task  performance  fluctuates  with  its  own  difficulty  level# 
With  practice  the  primary  task  gain  appears  to  decline*  however,  this  reduction  is 
not  paralleled  by  a  corresponding  increase  in  secondary  task  gain,  as  would  be 
predicted  by  adoption  of  a  policy  of  optimal  allocation. 

The  mean  amplitude  ratio  values  of  the  transfer  function  at  each  of  the  three 
input  frequencies  employed  across  both  disturbance  functions  are  shown  in  Figure  5, 


FREQUENCY  ! Hz )  FREQUENCY (Hz) 


Figure  5.  Gain  of  Difficulty-Performance  Transfer  Function. 


It  is  apparent  that  no  monotonlc  trend  with  frequency  is  shown  in  the  dual  task 
conditions,  suggesting  that  the  allocation  system  does  not  behave  as  a  strictly 
linear  aystem.  However,  the  single,  orderly  pattern  that  is  observed  in  Figure  5 
occurs  with  single  task  gain  late  in  practice.  Here  there  is  a  suggestion  that  the 
response  is  that  of  a  first  order  lag,  a  finding  that  appears  to  be  consistent  with 
the  results  of  Delp  and  Crossman  [9]  in  a  similar  single  task  condition. 

The  results  of  an  ANOVA  performed  on  the  gain  measure  indicate  that  the 
apparent  reduction  in  gain  with  practice,  evident  in  Figures  4  and  5,  was  in  fact 
statistically  reliable,  as  was  the  greater  gain  in  the  dual  (primary  task  only) 
than  single  task  condition,  and  the  task  (dual-single)  X  sessions  interaction. 
Within  the  framework  of  the  models  presented  above,  evidence  that  the  subjects  were 
proceeding  with  practice  toward  more  optimal  allocation  would  be  provided  by  a 
reliable  task  X  sessions  interaction,  an  indication  that  secondary  task  gain 
increased  with  practice  while  primary  gain  declined.  Although  this  interaction  is 
suggested  by  the  data,  its  level  was  not  found  to  be  statistically  reliable  (£  - 
.17).  Thus  the  pattern  of  behavior  demonstrated  by  the  subjects  can  be  described 


as  one  that  la  initially  non-optimal,  but  manifests  a  reliable  practice  trend 
toward  optimal  expansion  and  a  non-reliable  trend  toward  optimal  allocation* 


Constant  vs.  variable  difficulty  comparisons.  Farther  analysis  focussed  upon 
the  apparent  trend  twoard  optimal  expansion.  Operationally,  this  policy  was 
defined  in  terms  of  the  ability  of  the  operator  to  temporarily  mobilise  more 
resources  than  are  normally  available,  during  the  transient  epochs  of  peak  primary 
task  demands.  Such  a  strategy  would  yield  the  relatively  constant  performance  on 
both  tasks  that  was  observed.  There  is,  however,  an  alternative  explanation  that 
could  be  offered  for  the  reduction  in  both  gains.  This  reduction  could  result  If 
the  resource  demands  of  the  difficult  (a  ■  1)  levels  of  the  primary  task  were 
reduced  with  practice,  to  a  greater  extent  than  those  of  the  easy  levels 
(automation  of  second  order  tracking).  In  terms  of  Figure  lb  and  lc,  this 
explanation  posits  that  the  family  of  POC's  draws  closer  together  with  practice, 
thereby  lessening  the  variation  in  performance  on  either  task.  The  constant 
difficulty  conditions  are  crucial  for  distinguishing  theta  two  aour.-as  of 
Improvement  with  practice.  If  the  expansion  policy  underlies  the  practice  trend 
and  expansion  is  defined  to  be  transient  (thereby  evident  only  in  the  variable 
condition),  then  the  "gain"  of  the  performance- difficulty  relation  should  be 
reduced  only  In  the  variable  condition.  However,  if  automation  is  the  underlying 
variable,  then  a  reduction  in  gain  (change  in  performance  with  difficulty)  that  is 
equivalent  in  the  constant  and  variable  difficulty  conditions  should  be  observed. 

To  enable  auch  a  comparison,  RMS  error  values  were  derived  for  each  subject  at 
the  epochs  of  the  DV  conditions,  when  a  reached  values  of  1  and  0,  respectively. 

The  difference  between  these  values  thereby  provides  a  "gain"  measure  that  has  a 
direct  corraapondence  to  the  RMSE  values  in  the  constant  difficulty  D1  and  DO 
conditions.  Thasa  RMS  error  values  for  both  the  variable  and  constant  conditions, 
at  high  and  low  a,  values  for  the  primary  and  secondary  task,  early  and  late  in 
practice  are  portrayed  in  Figure  6.  The  data  in  the  figure  suggest  that  the 
expansion  explanation  can  be  rejected.  Late  in  practice  the  "gain"  in  the  DV 
condition  is,  if  anything,  greater  than  in  the  constant  conditions.  In  a  4-way 
ANOVA  performed  only  on  the  session  4  data,  this  apparent  interaction  betwean  a  end 
condition  (variable-constant)  was  statistically  reliable  (j>  <  .05).  In  short,  the 
decrease  with  practice  in  the  performance  difference  between  the  1  and  0 
conditions  is  just  as  evident  in  the  constant  as  in  the  variable  conditions,  if  not 
more  so.  This  decrease  can  therefore  be  attributed  to  automation  of  the  task, 
rather  than  a  change  in  characteristics  of  the  processing  resources  themselves. 

The  source  of  the  larger  gain  values  in  the  variable,  as  opposed  to  the 
constant  difficulty  conditions  was  of  some  interest.  A  plausible  explanation  is 
that  in  the  constant  difficulty  conditions  subjects  were  able  to  adopt  a  set  for 
each  dual  task  condition,  generating  the  appropriate  equalization  that  is 
compa table  with  the  system  dynamics  on  that  trial  and  thereby  reducing  the  extent 
to  which  performance  varies  with  system  order.  On  the  DV  trial,  however,  the  lead 
equalization  can  be  lass  easily  modulated  to  the  appropriate  level  demanded  by  the 
high  a  periods  and  so  the  relatively  greater  error  is  obtained. 

Conclusions 


In  conjunction  with  the  pruvious  investigation  by  Wickens  and  Pierce  (6,7), 
the  present  study  indicates  that  human  resource  allocation  in  dynamic  environments 
can  be  far  from  optimal.  If  difficulty  fluctuations  are  relatively  smooth,  as  in 
the  present  study,  then  practice  does  influence  the  extent  to  which  primary  task 
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performance  can  be  maintained  at  a  constant  level*  However*  comparison  of  the 
variable  with  the  constant  difficulty  control  conditions  suggested  that  the 
mechanism  underlying  this  improvement  was  not  related  to  an  allocation  skill,  nor 
apparently  to  any  properties  of  the  resource  system  Itself  (e*g*,  expanded 
availability).  Bather,  the  reduction  in  performance  sensitivity  to  difficulty 
fluctuations  seeinsd  to  result  from  an  increased  automation  of  primary  task 
performance.  This  pattern  or  results  casts  some  doubt  on  the  extent  to  which 
resource  allocation  in  dynamic  environments  may  be  modelled  by  a  closed  loop 
servomechanism,  as  Kahnsman  [8)  has  argued.  Instead,  as  Galanter  (10)  has 
proposed,  substantial  portions  of  an  operator's  response  strategies  may  be 
generated  as  ballistic,  open  loop  commands,  that  are  not  continuously  corrected 
according  to  performance  feedback.  Because  of  its  implications  to  multi  tesk 
performance  in  dynamic  environments,  the  extent  to  which  this  apparently 
non-optimal  open  loop  behavior  can  be  modified  by  training  represents  an  important 
area  of  future  research. 
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Abstract 


The  efficiency  of  attention  allocation  between  tracking  dimensions 
was  investigated  in  a  two  dimensional  pursuit  tracking  task  whsre  each 
of  the  dimensions  (horizontal  and  vertical)  was  treated  as  a  separate  task 
and  manipulated  independently.  Tracking  difficulty  on  each  dimension 
and  their  relative  emphasis  wsra  jointly  menulpulsted  in  a  central 
composite  response  surface  design.  Negatively  accelerated  effects  of  task 
priority  and  limited  tradeoff  between  tracking  dimensions  were  obtained 
when  frequency  and  velocity  of  target  movement  served  as  difficulty 
parameters.  Direct  linear  tradeoffs  were  observed  when  control  complexity 
was  increased  by  changing  control  dynamics. 

Those  results  provide  strong  evidence  to  the  ability  of  human 
subjects  to  separately  control  their  responses  to  jointly  performed 
tracking  dimensions  and  allocate  varied  smounts  of  processing  resources 
to  their  performance.  The  differential  effects  obtained  for  the 
three  difficulty  manipulations  suggest  that  the  locus  of  load  in  the  time¬ 
sharing  performance  of  tracking  tasks  resides  primarily  in  the  response 
selection  stage.  It  is  the  complexity  of  each  control  response  which 
imposes  demands  on  a  common  resource  and  determines  the  degree  of  inter¬ 
ference  between  concurrently  performed  tracking  dimensions.  Implications 
of  these  findings  to  the  design  and  evaluation  of  manual  control  systems 
are  briefly  discussed. 


Introduction 


In  multidimensional  control  tasks  such  as  the  control  of  an 
aeroplane  along  the  pitch,  roll  and  yew  axes,  control  difficulty  and 
performance  demands  often  vary  dynamically  during  the  flight  mission. 

Pilots  are  required  to  adjust  their  control  effort  and  attend  more 
closely  to  their  performance  on  the  dimension  with  the  increased 
difficulty.  What  are  the  dynamics  and  empirical  consequences  of  this 
requirement?  Can  tracking  dimensions  be  conceived  to  compete  for 
allocation  of  a  common  limited  pool  of  processing  and  response  resources, 
eo  that  increased  emphasis  on  one  axis  leads  to  a  commensurate  decrease 
of  performance  on  the  other  axes?  This  approach  was  suggested  by  Onstott 
(1976,  1979)  in  hie  "Urgency  Model"  which  postuates  sequential  switchings 
between  tracking  dimensions  according  to  priorities  established  by  some 
urgency  function.  Onstott  supported  his  model  by  empirical  data  collected 
in  the  F5E  and  YF17  flight  simulators.  Predictions  derived  from  the 
urgency  model  disagree  with  results  obtained  in  other  studies  (e.g. 

Wempe  and  Baty  (1969)),  in  which  tracking  accuracy  on  one  axis  was  not 
impaired  when  a  second  tracking  axis  was  added.  The  amount  of  interference 
and  performance  tradeoffs  between  concurrently  performed  tracking  axes 
as  a  result  of  joint  manipulation  of  axes  priority  and  tracking  difficulty 
was  not  tested  directly  in  any  of  these  studies.  Thus,  several  important 
questions  remain  unanswered.  One  question  is  the  extent  of  the  voluntary 
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control  of  human  operators  on  the  allocation  of  processing  resoucrcea 
among  concurrently  performed  tracking  tasks?  A  related  question  is  the 
impact  of  such  voluntary  changes  on  tracking  accuracy.  A  third  question 
is  the  effect  of  difficulty  manipulations  on  concurrent  tracking 
performance.  Increased  difficulty  on  one  task  increases  its  demand  for 
processing  resources  to  maintain  performance  at  a  fixed  level,  or  perfor¬ 
mance  is  impaired  if  a  constant  amount  is  invested  and  performance  ie 
allowed  to  vary  (Navon  and  Gopher  -  in  press).  Comparitlve  evaluation  of 
the  effect  of  different  difficulty  parameters  on  the  tradeoff  between 
tracking  dimensions  appears  worthwhile. 

These  questions  were  studied  in  three  experiments  in  which  a  two 
dimensional  pursuit  tracking  task  was  employed  as  a  time-sharing  situation. 
Although  only  single  display  and  single  hand  controllers  ware  employed, 
each  of  the  tracking  dimensions  (horizontal  and  vertical)  of  this  task 
was  treated  as  a  separate  task  and  manipulated  Independently.  Both 
tracking  difficulty  on  each  axis  and  their  relative  priority  ware  varied. 

The  three  experiments  differed  in  the  variables  employed  to  manipulate 
tracking  difficulty.  In  the  first  experiment,  cutoff  frequency  of 
target  forcing  function  was  employed  to  manipulate  difficulty.  In  the 
second  experiment  velocity  of  target  movement*  waa  varied  by  changing 
the  gain  parameters  of  the  forcing  functions  generating  vertical  and 
horizontal  velocity  vectors.  In  the  last  experiment  control  dynamics 
was  varied  to  increase  task  difficulty  by  incrementing  the  proportional 
contribution  of  second  order,  acceleration  components  in  mixed  first  and 
aacond  order  controlled  elements.  All  three  ere  standard  manipulations  of 
tracking  difficulty  (Poulton  1974). 

Experiment  1  -  Manipulation  of  Cutoff  Frequency 
Method  ~~ 

Apparatus 

A  target  and  a  control  symbol  were  presented  on  a  CRT  display 
(Figure  1) .  The  target  was  driven  in  the  horizontal  and  vertical  dimension! 
by  two  independent,  random,  hand-limitad  forcing  functions  (effective 
screen  size  waa  12  x  12  cm.).  The  control  symbol  was  controlled  through 
a  single  two-dimensional,  spring  centered,  hand  controller.  Control 
dynamics  was  s  mixture  of  velocity  and  acceleration  control  (for  a  detailed 
discussion  of  this  control  dynamics,  see  Gopher,  Wllllges,  Willigae  and 
Damos,  1975,  Wlcksns  and  Gopher,  1977)). 

Experimental  control  and  data  collection  were  governed  by  a  FDP  11/45 
digital  computer. 

Procedure 

Each  subject  participated  in  five  two-hour  experimental  sessions. 

Each  session  was  comprised  of  18  three-minute  tracking  trials  and  equal 
periods  of  reet.  The  first  three  sessions  were  devoted  to  training  and 
calibration.  Adaptive  procedures  were  employed  to  train  subjects  under 
increased  levels  of  tracking  difficulty.  Adaptive  training  procedures 
are  computerized  automatic  algorithms  in  which  trainee's  performance 
ie  measured  end  ueed  to  set  the  level  of  difficulty  of  the  training  taak. 
This  approach  makes  it  possible  to  maintain  performance  of  the  student 
at  a  criterion  level  aa  he  progresses  at  his  own  rate  through  the  range 
of  task  difficulty.  At  the  end  of  this  phase,  maximum  performance 
measures  ware  obtained  for  each  subject  on  one  and  two  dimanslonal  tracking. 
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Figure  1  -  Subject  display  with  feedback  indicators. 
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The  experimented  variables  were  manipulated  In  sessions  four  and  five. 
Design 


Three  variables  were  manipulated  in  the  first  experiment:  One  was 
Task  Priorities:  These  were  manipulated  by  varying  the  minimal  acceptable 
level  of  tracking  accuracy  on  each  dimension.  A  second  Independent 
variable  was  the  difficulty  of  horizontal  tracking.  ThiB  was  manipulated 
by  changing  the  cutoff  frequency  for  the  low-pass  filter  applied  to  the 
output  of  a  random  noise  generator  to  yield  the  target  forcing  function. 

The  third  variable  was  the  difficulty  of  vertical  tracking,  manipulated 
In  an  analogous  way. 

Difficulty  Manipulation  Tracking  difficulty  in  each  dimension  could 
be  manipulated  manually  or  adapted  continuously  by  the  computer  through 
varying  the  location  of  the  low-pass,  first  order  digital  filters  that 
determined  the  cutoff  freqency  of  the  horizontal  and  vertical  target 
forcing  functions.  Increasing  the  value  of  the  cutoff  frequency  on  a 
certain  dimension  caused  the  target  to  change  directions  more  frequently 
and  increased  the  velocity  of  its  movement. 

Priorities  Manipulations  by  Feedback  Indicators  The  following  is  a 
brief  description  of  the  technique  developed  to  present  performance 
feedback  and  manipulate  priorities  in  dual-task  conditions.  A  more 
detailed  discussion  of  these  techniques  can  be  found  in  North  and  Gopher. 

1976;  Gopher  and  North,  1977.  When  in  a  fixed  condition  (i.e.  forcing 
functions  frequency  bandwidth  was  not  adapted),  subjects  were  presented 
with  an  on-line,  continous  feedback  on  their  performance.  Feedback 
indicators  (one  for  each  axis)  were  comprised  of  a  short,  static, 
horizontal  line  and  a  moving  vertical  bar-graph. 

The  atatic  line  represented  the  desired  level  of  performance  (in 
terms  of  tracking  error) ,  which  was  determined  in  reference  to  a  normalized 
baseline  distribution  of  performance  obtained  for  each  subject  at  the  end 
of  the  training  sessions.  Subjects  were  asked  to  perform  at  that  level 
or  better.  The  height  of  the  moving  bar-graphs  reflected  the  momentary 
difference  between  actual  and  desired  performance.  This  difference  was 
computed  by  eubstracting  the  momentary  error  score  from  the  desired  score 
and  dividing  the  outcome  by  the  standard  deviation  of  tha  baseline 
distribution.  Dimension  priorities  were  manipulated  by  changing  the 
required  level  of  tracking  accuracy  on  each  dimension.  Priorities  were 
displayed  by  means  of  the  height  of  the  desired  performance  lines.  Figure 
1  depicts  the  display  in  this  condition.  Indicated  are  the  tracking 
display,  the  desired  performance  lines  and  the  performance  bar-graphs. 

Note  that  desired  performance  lines  for  the  two  axes  are  located  at 
different  heights,  relecting  a  difference  In  their  relative  priorities. 

Experimental  variables  were  combined  according  to  a  central  composite, 
Response-Surface  Design.  (Myers,  1971,  Williges,  1973).  A  detailed 
discussion  of  Response  Surface  designs  is  beyond  the  scope  of  this  paper. 
However,  due  to  its  relative  novelty  in  behavioral  research,  its  major 
olementB  are  briefly  discussed.  Response  Surface  designs  enable  under 
certain  assumptions  and  with  proper  selection  of  experimental  variables, 
to  obtain  a  significant  reduction  in  the  number  of  experimental  conditions 
required  for  a  complete  factorial  design.  The  main  rationale  is  that  with 
proper  selection  of  levels  on  each  of  the  experimental  factors,  it  is  possible 
to  reconstruct  the  structure  of  the  variables  space  with  minimal  loss  to  the 
accuracy  of  predictions.  Naturally,  Response  Surface  designs  Are  most  cost 
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effective  in  multifactors  experiments. 


Experimental  variables  Included  in  a  Response  Surface  design  should 
be  quantifiable  and  measurable  such  that  the  only  constraints  on  tha 
selection  of  experimental  levels  are  thesz  dictated  by  design  considerations. 
Five  levels  have  to  be  selected  on  each  variable.  Their  raw  levels  are 
properly  transformed  to  a  standard  common  linear  scale  to  represent  the" 
levels  +1,  -1,  0,  +a ,  -a  of  this  scale.  Alpha  levels  represent  the  ( 
extremes  of  the  range  of  interest  on  every  experimental  variable  (say, 
the  highest  and  lowest  values  of  target  movement  frequency) ,  and  their 
representative  standard  score  value  depends  on  the  number  of  factors  in 
the  experiment,  the  number  of  replications  of  each  experimental  condition 
and  additional  design  considerations.  For  a  K  factor  design,  the  method 
requires  to  sample  2*^  +  2^  +  1  experimental  conditions  out  of  the  total 
number  of  possible  combinstions,  should  we  conduct  a  complete  factorial 
design  with  3  levels  on  each  factor.  (In  the  present  three  factors 
experiment,  15  out  of  the  possible  125  combinations  are  sampled).  Table  1 
lists  the  15  conditions  by  thrir  specific  combination  of  standard  scores 
levels.  Alpha  was  assigned  a  standard  vslua  of  1.68.  The  three  variables 
are  Target  Horizontal  Frequency  (Freq.  x),  Target  Vertical  Frequency 
(Freq.  y)  end  Task  Priority  (Prior). 

Table  1.  The  fifteen  experimental  conditions  (standard  score  levels. 
a  ■»  1.682).  ” 


Experimental  Conditions 

1  2  3  4  5  6  7  8  9  10  11  12  13  14  13 


Experi-  Freq.x  llllllll  -1.68  0  0  1.68  0  0  0 
mental  Freq.y  -1  11-11-1-11  0  -1.68  0  0  1.68  0  0 
variables  Prior.*  1-11-1-11-11  0  0-1.68  0  0  1.68  0 


♦Positive  values  horizontal  tracking  hlghar  priority. 

To  define  a  meaningful  range  of  tracking  difficulty  on  each  dimension, 
it  wss  decided  to  use  for  each  subject  the  final  levale  of  tracking 
difficulty,  obtained  by  him  In  two-dimensional  tracking  during  training  as 
'tt^e  center  points  of  the  difficulty  range  (0,0).  Lower  end  upper  levels 
for  this  rangn  (±  a)  were  determined  by  adding  and  subtracting  from  these 
values  the  maximum  levels  obtained  when  each  dimension  was  performed  singly. 

The  selected  range  for  manipulation  of  priority  was  .25  -  .75  (the  five  raw 
levels  on  thla  variable  were  therefore  .25,  .35,  .50,  .65,  .75).  Two 
dimensional  tracking  with  equal  priorities  (.5)  served  as  the  center  point  on 
this  factor. 

Desired  performance  levels  (namely  the  height  of  the  desired  performance 
lines  on  the  display)  ware  determined  from  the  priority  values  in  the 
following  w eyj  e  priority  level  of,  suy,  .75,  on  a  certain  dimension, 
corresponded  to  a  level  of  performance  that  assumed  the  75  percentile  in  the 
baseline  distribution  of  performance  of  that  subject.  That  is,  an 
instruction  to  put  priority  of  .75  was  actually  a  requirement  to  perform 
et  e  level  batter  than  the  lowest  75  percent  of  the  baseline  performance  levels. 

Other  levels  of  desired  performance  were  obtained  in  a  similar  way.  Thus, 
in  both  manipulations  of  difficulty  and  desired  performance,  the  eat  of 
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variable  levels  employed  for  different  subjects  could  differ  physically 
but  presumably  had  the  same  psychological  meaning  across  all  subjects. 
Session  four  and  five  constituted  two  repetitions  of  the  complete  Response 
Surface  design.  Session  four  was  considered  as  practice. 


Subjects 


Five  male,  right-handed  subjects  participated  in  the  first  experi¬ 


ment.  Subjects  were  paid  hourly  rates  for  their  participation. 


Results  and  Discussion 


Report  of  experimental  results  concentrates  on  the  data  obtained  during 
the  lust  experimental  session.  Root  Mean  Square  (RMS)  tracking  error 
on  each  tracking  dimension  (vertical  and  horizontal)  served  as  the  main 
performance  measure.  Tracking  errors  on  each  axis  were  measured  every 
60  msec,  and  integrated  over  15  sec.  Intervals.  The  12  values  obtained  in 
this  manner  for  each  3  minute  trial  were  averaged  to  yield  an  overall 
performance  score  for  that  trial.  Each  of  the  3  minute  trails  represented 
one  of  the  15  experimental  conditions  listed  in  Table  1. 


Consistent  with  the  analysis  conventions  of  Response  Surface  designs, 
two  standard  statistical  analyses  were  conducted  on  the  data  occurred  for 
the  five  subjects  in  the  performance  of  the  15  experimental  conditions. 
First,  a  least  squares,  second  order,  multiple  regression  equation  was 
fitted  to  the  data  to  determine  the  first  and  second  order  effects  of  the 
three  independent  variables  on  tracking  accuracy.  Then,  an  analysis 
of  variance  was  applied  to  test  the  reliability  of  the  obtained  regression 
coefficients.  Separate  analysis  was  performed  for  vertical  and  horizontal 
tracking  accuracy. 


Tracking  accuracy  on  the  horizontal  axis  revealed  >b  oth  first 
(F(l,65)  ■  157.8;  P«.001)  and  second  order  (F(l,65)  *  31.6;  P<.001)  effects 
of  task  priority  on  tracking  RMS  error.  A  change  in  tracking  difficulty 
on  the  horizontal  or  vertical  dimensions  did  not  have  reliable  first  order 
effects  on  horizontal  accuracy,  but  small  second  order  effects  of  both 
manipulations  were  observed  (F(l,65)  ■  3.93;  P  <  ,06  for  horizontal 
difficulty;  F(l,65)  -  6.20;  P  <  .05  for  vertical  difficulty).  None  of  the 
interaction  terms  between  the  three  experimental  variables  reached  statisti¬ 
cal  reliability.  The  Joint  effect  of  the  three  variables  on  horizontal 
tracking  accuracy  yielded  a  multiple  regression  coefficient  of  R  •  0.71 
(F(9,65)  -  21.9;  P  <  .001). 


Similar  pattern  of  results  was  obtained  for  vertical  tracking  performance. 
Task  priority  had  strong  first  (F(l,65)  -  158.7;  P  <  .001)  and  second-order 
(F(l,65)  -  16.48;  P  <  .001)  effects.  Here  again,  difficulty  manipulations 
had  much  smaller  effects,  although  reliable  first  order  effect  was  obtained 
for  manipulation  of  target  frequency  on  the  vertical  axis  (F(1.65)  ■  4.46; 

P  <  .05).  The  multiple  regression  score  for  this  dimension  yielded  a 
somewhat  higher  correlation  coefficient  R  ■  0.77,  (F(9,65)  ■  22.2,  df  9/65, 

P  <  .001). 


First  to  be  examined  in  these  results  is  evidence  for  separation  of 
tracking  dimensions.  With  a  single  controler  and  integrated  display  one 
can  rightly  question  the  ability  of  human  subjects  to  differentially  allocate 
processing  resources  to  the  two  tracking  dimensions.  The  strong  effect 
of  dimensions  priority  is  the  clearest  evidence  for  the  time-sharing  nature 
of  the  situation  and  the  ability  of  subjects  to  adjust  their  response 
separately  on  each  axis.  This  outcome  is  also  supported  by  verbal  reports 
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of  the  subjects.  Other  evidence  alone  these  lines  came  from  the  analysis 
of  the  Euclidian  error  scores  ( V (RMSX)Z  +  (RMSY)2);  these  were  calculated 
to  test  the  hypothesis  that  rather  than  responding  separately  to  each 
dimenolon,  subjects  respond  directly  to  the  Integrated  two  dimensional 
Euclidian  distance.  Euclidian  error  scores  proved  to  be  a  poor  measure 
of  subjects'  performance.  Only  26  per  cent  of  the  experimental  variance 
was  accounted  for  by  the  second  order  multiple  regression  equation  calculated 
for  this  dependent  measure,  as  compared  wi':h  51  and  59  per  cent  that  were 
obtained  for  the  separate  measuree.  It  appears  safe  to  conclude  that 
subjects  were  Indeed  capable  of  reacting  to  the  two  tracking  dimensions 
as  separate,  concurrently  performed  tasks. 

To  examine  the  competition  between  tracking  dimensions  In  joint 
performance,  we  have  to  study  more  closely  the  effect  of  changing  axes 
priority  and  tracking  difficulty. 

Effects  of  task  priority  were  studied  by  plotting  together  the 
second  order  regression  lines  of  this  variable  on  vertical  and  horisontal 
tracking  accuracy.  Figure  2  shows  the  effect  of  changing  priorities  on  each 
axis  separately.  The  abscissa  in  this  figure  represents  priorities  in 
favor  of  the  horisontal  dimension  (PrY  ■  1-X) .  The  ordinate  depicts 
tracking  accuracy  (expressed  as  1  -  RMS  error).  Each  of  the  two  curves  was 
fitted  by  averaging  across  the  different  levels  of  task  difficulty. 

Actual  means  for  the  five  priority  levels  employed  in  the  experiment  are 
depicted  by  x's  and  dots. 

Three  important  features  can  be  observed  in  this  figure:  first,  the 
effect  of  priorities  is  large;  its  overall  range  is  about  13  per  cent  of 
scale  RMS  error.  Second,  the  effect  is  quite  symmetrical  on  the  two  axes. 
Third,  the  effect  is  negatively  accelerated.  Emphasizing  a  dimension  too 
much  is  not  necessarily  productive. 

What  is  the  Joint  impact  of  the  above  effects  on  overall  tracking 
efficiency  in  the  two  dimensional  situation?  This  effect  is  depicted  in 
figure  3.  The  sum  and  difference  functions  presented  in  thie  figure  were 
obtained  by  adding  and  subtracting  the  trecklng  error  scores  for  the  two 
axes  in  each  of  the  priority  combinations  presented  in  figure  2.  Figure  3 
depicts  a  perfectly  linear  difference  function  which  ineicates  the  faithful 
responsiveness  of  subjects  to  the  instruction  to  change  priorities.  But, 
it  1b  also  evident  that  they  were  much  more  successful  in  responding  to  the 
lenient  tolerance  level  associated  with  reduced  priorities,  than  with  the 
stringent  requirement  when  priority  was  increased.  This  differential 
success  is  clearly  revealed  in  the  curvilinear  sum  function  which  suggests 
that  joint  performance  was  maximized  when  both  dimensions  are  attended  to 
about  equally  well. 

Finally,  we  can  examine  the  effects  of  manipulating  priorities  on  the 
concurrent  tradeoff  between  vertical  and  holzontal  tracking  by  constructing 
Performance  Operating  Characteristics  (POC)  curves,  as  recommended  by 
Norman  and  Bobrov  (1975).  POC  curves  depict  for  a  fixed  level  of  difficulty 
of  concurrently  performed  tasks,  the  reaults  of  changing  task  emphasis  on 
the  tradeoff  of  performance  between  them.  POC'b  are  useful  to  investigate 
the  degree  of  competition  between  task  pairs  for  a  common  limited  resource. 

In  the  present  experiment,  POC'b  were  fitted  to  the  tradeoff  between  axes 
by  jointly  solving  the  two  second-order  regression  aquations  (RMS  X,  RMS  Y) 
for  different  conditions  of  priority  averaging  across  all  levels  of  tracking 
difficulty.  Figure  4  depicts  the  resultant  POC. 
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Effects  of  task  priority  on  horizontal  and  vertical  tracking 
accuracy  (vertical  priorities  are  expressed  as  1-x.  Accuracy 
is  presented  as  1-RMS  Error) .  Dots  represent  mean  actual  data. 
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PIRFORMANCI  ON  HORIZONTAL  AXIS 
( 1  -  RMS  IRROR ) 


POC  curve  depicting  performance  tradeoff  between  horizontal  and 
vertical  tracking  ae  a  function  of  change  in  their  relative  priority. 
(Average  across  manipulations  of  target  frequency). 


The  solid  line  is  the  one  fitted  to  the  data  of  all  subjects.  Dots 
represent  mean  actual  data  for  the  five  priority  levels.  Performance  Opera¬ 
ting  Characteristics  is  highly  convex,  emphasizing  the  little  tradeoff 
between  dimensions,  limited  to  a  narrow  region  of  the  performance  range. 

The  strong  curvature  of  the  POC  suggests  that  if  task  interference  is  due 
to  a  competition  of  a  common  resource  performance  cannot  be  linear  in 
amount  of  invested  resources. 

An  alternative  explanation  la  that  the  strong  curvature  end  the 
seemingly  lack  of  tradeoff  is  due  to  a  ceiling  dictated  by  the  nature  of 
the  tracking  tasks  subjects  simply  could  not  rsduce  tracking  error  below 
a  certain  level,  say  .15  -  .16  RMS  error,  no  matter  how  easy  the  task 
wae,  and  how  much  resources  were  available, 

A  possible  way  to  test  this  explanation  is  to  construct  a  separate 
POC  for  different  levels  of  tracking  difficulty  (replacing  the  single 
POC  presented  in  figure  4  with  a  family  of  POC'e,  each  depicting  the 
results  of  manipulating  task  smphasis  for  one  configuration  of  tracking 
difficulty),  searching  for  an  Interaction  between  difficulty  and 
priorities.  Performance  ceiling  should  be  observed  in  the  easy  conditions 
but  disappear  aa  task  difficulty  is  increased. 

However,  interaction  between  difficulty  and  priority  will  be  revealed 
only  if  tasks  share  a  common  limited  pool,  such  that  increased  difficulty 
on  a  certain  task  would  increase  its  resource  demands  from  this  pool  for 
a  given  level  of  performance.  If  the  two  tasks  rely  primarily  on 
independent  resources  for  their  performance,  s  change  of  difficulty  on  one 
task  would  lead  to  a  change  of  it  but  would  not  affect  the  tradeoffs 
with  the  other  task.  Disjointed  resources  are  therefore  a  third  altarnative 
interpretation  of  the  observed  curvilinear  relationship  between  vertical 
and  horizontal  tracking,  Conatruction  of  POC  families  depicting  joint 
effects  of  difficulty  and  priorities  are  crucial  in  an  effort  to 
distinguish  between  the  three  interpretations  of  the  experimental  results. 

In  the  present  experiment,  the  weak  ef facts  of  the  difficulty  manipulation 
do  not  encourage  such  a  detailed  analysis. 

Although  reliable,  the  relative  magnitude  of  the  regression  coefficients 
obtained  for  the  vertical  and  horizontal  difficulty  manipulations,  wera  about 
one  fourth  of  those  obtained  for  the  priority  variable.  Different  difficulty 
combinations  are  therefore  not  expected  to  yield  a  wide  spread  between 
curves.  Also,  because  none  of  the  interaction  terms  between  frequency  and 
priorities  reached  statistical  reliability,  the  shapes  and  slopes  of  POC's 
are  not  expected  to  change  in  different  configurations  of  tracking 
difficulty  and  in  all  conditions  should  remain  highly  curvilinear. 

It  was  decided  to  repeat  the  experiment  with  a  more  potent  parameter 
of  task  difficulty.  Direct  increments  of  target  velocity  on  each  tracking 
axis  were  employed  to  manipulate  difficulty  in  the  second  experiment. 

Experiment  2  -  Manipulation  of  Target  Velocity 


Method 


Experiment  2  repeated  the  design  and  procedure  of  the  first  experiment. 
The  only  change  wae  in  the  manipulation  of  taek  difficulty.  Target  velocity 
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on  each  dimension  served  as  difficulty  parameter  and  was  varied  by  changing 
the  gain  parameters  in  the  forcing  functions  controlling  target  movements. 
The  extreme  levels  on  this  manipulation  (±  a  values  in  the  RSM  design) 
were  velocity  levels  representing  30  per  cent  increase  and  decrease  from 
the  final  levels  obtained  by  each  subject  during  the  three  adaptive  training 
sessions.  This  procedure  resulted  in  some  Increase  of  the  general 
difficulty  of  the  task.  Target  forcing  function  frequency  on  each 
dimension  was  fixed  at  the  .7  Hz  level.  Control  dynamics ,  as  in  the  first 
experiment,  was  mixed  velocity  and  acceleration  controller.  A  new  group 
of  five  male,  right-handed  students  participated  in  the  present  experiment. 

Results  and  Discussion 


Presentation  of  results  concentrates  again  on  the  data  obtained  in  the 
last  experimental  session,  where  task  difficulty  and  axes  priorities 
were  jointly  manipulated.  Separate  regression  equations  and  analyses  of 
variance  were  performed  on  the  RMS  error  scores  obtained  for  vertical  and 
horizontal  tracking. 

In  this  experiment  again,  and  on  both  axes,  the  task  priority 
variable  had  reliable  first  order  effects  on  tracking  accuracy.  Second 
order  effects  were  reliable  on  the  vertical  axis  and  approached  reliability 
for  horizontal  accuracy.  On  the  horizontal  axis:  first  order  effect, 
7(1,65)  -  41.5,  P  <  .001,  second  order  effect,  F(l,65)  -  3.2;  P  <  .10. 

On  the  vertical  axis!  first  order  effect,  F(l,65)  ■  36.63,  P  <  .001, 
second  order  effect,  F(l,65)  ■  7.68,  P  <  .01).  However,  the  magnitude 
of  these  effects  as  reflected  in  the  multiple  regression  coefficient  was 
about  half  of  those  obtained  for  this  variable  in  the  first  experiment. 
Table  2  presents  the  comparative  regression  coefficients  obtained  for 
the  priorities  variable  in  the  two  experiments. 


Table  2 8  Regression  Coefficient  for  Manipulation  of  Task  Priorities  in 
Experiments  1  and  2. 


Regression  Coefficients 
(for  standard  scores) 

First  ord.  effect 

Second  ord.  effect 

Exp.  1 

Horizontal 

2.68 

1.80 

Vertical 

3.74 

1.81 

Exp.  2 

Horizontal 

1.51 

0.63 

Vertical 

1.30 

0.89 

Manipulation  of  tracking  difficulty  had  significant  linear  (first 
order)  effects  on  both  tracking  dimensions  (on  the  horizontal  axiB. 

F(l,65)  ■  10.43,  P  <  .01,  on  the  vertical  axis,  F(l,65)  “  28.6,  P <  .001). 

The  range  of  performance  change  as  a  result  of  difficulty  manipu¬ 
lations  in  this  experiment  was  much  larger  than  those  observed  in  the 
first  experiment.  Manipulation  of  target  velocity  accounted  for  7  per  cent 
and  17  per  cent  of  the  variance  in  tracking  accuracy  on  the  horizontal  and 
vertical  axes  respectively.  In  the  firat  experiment  only  2.6,  and  1.3 
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per  cent  of  variance  were  contributed  to  the  variance  In  horizontal 
and  vertical  tracking  accuracy  by  thle  manipulation.  In  addition,  no 
curvilinear  effects  were  revealed  and  each  difficulty  variable  only 
affected  performance  on  the  axis  on  which  it  was  applied.  As  In  the  first 
experiment,  none  of  the  Interaction  terms  between  the  three  experimental 
variables  was  statistically  reliable,  the  multiple  correlation  coeffi¬ 
cients  for  the  effects  of  the  three  experimental  variables  on  performance 
were  0.60  and  0.66  for  horizontal  and  vertical  tracking  respectively. 
(F(9,65)  ■  6.43  and  8.37,  for  horizontal  and  vertical  axes,  F  <  .001). 

Figure  5  depclte  the  average  P0C  fitted  from  the  multiple  regression 
equations  (averaged  across  subjects  and  difficulty  manipulations).  The 
P0C  assumes  the  same  convex  shape  observed  in  Experiment  1,  reflecting 
only  limited  tradeoff  between  axes.  Mote  the  reduced  range  of  performance 
variability. 

With  the  Increased  Impact  of  task  difficulty,  we  can  now  also 
explore  more  meaningfully  the  joint  affect  of  difficulty  and  priorities. 

In  Figure  6,  five  POCs  are  plotted.  Each  curve  represents  one  difficulty 
level  of  vertical  tracking,  while  horizontal  difficulty  is  averaged  over 
all  levels  employed.  All  five  curves  assume  the  same  general  shape. 
Decreasing  the  level  of  tracking  difficulty  on  the  vertical  axis  did  net 
change  the  slopes  or  shapes  of  the  respective  POCs.  (Similar  results  can 
be  plotted  for  fixed  levels  of  vertical  difficulty  and  different  levels 
of  horizontal  tracking).  POC's  asymptote  at  a  lower  level  for  increased 
levels  of  vertical  difficulty,  but  vertical  distance  between  curves 
remain  unchanged  throughout  the  whole  range.  Despite  the  evident 
affect  of  difficulty  on  subjects’  tracking  performance,  changing  the 
velocity  of  target  movements  on  one  axis  did  not  produce  Increased 
tradeoff  between  axes. 

These  results  seem  to  overrule  a  celling  effect  interpretation, 
because  such  ceiling  should  affect  only  the  easier  tracking  conditions 
and  disappear  when  task  difficulty  is  increased.  They  also  do  not  reveal 
the  anticipated  interaction  between  difficulty  and  resource  allocation, 
if  vertical  tracking  is  assumed  to  compete  with  horizontal  tracking 
for  allocation  of  a  common  limited  pool.  It  is  as  though  the  two 
tasks  depend  mainly  on  independent  resources  for  their  performance. 

Is  there  really  such  a  minute  competition  and  interference  between  tracking 
dimensions  so  that  performance  on  both  can  progresc  In  parallel? 

In  the  first  two  experiments  we  manipulated  the  frequency  on  velocity 
of  target  movement  on  the  screen  and  control  dynamics  remained 
unchanged  at  a  relatively  easy  level  (close  to  a  first  order  system) , 
in  the  third  experiment  control  dynamics  on  the  two  axes  served  as  the 
difficulty  parameter  and  the  average  difficulty  of  the  control  task  in 
all  tracking  conditions  was  increased. 


julatlon  of  Control  Dynamics 


Method 


Five  male,  right-handed  students  served  in  this  experiment.  None  of 
these  subjects  served  in  the  previous  experiments.  Experimental  design 
and  procedures  generally  repeated  those  of  Experiments  1  and  2.  The  only 


PIRPORMANCI  ON  HORIZONTAL  AXIS 
(I- RMS  IRROR  ) 


POC  curve  depicting  performance  tradeoff  between  horizontal 
and  vertical  tracking  as  a  function  of  change  in  their  relative 
priority.  (Averaged  across  manipulation  of  target  velocity) . 
Dots  represent  mean  actual  data. 


HUMMANM  ON  HOtllONMl  AXII 
It -IMS  HIM  | 

» 


A  family  of  POCs  representing  tracking  accuracy  on  each  of  the 
axes  In  dual-axes  tracking  as  a  function  of  task  emphasis. 

Each  POC  corresponds  to  a  different  level  of  vertical  tracking 
difficulty,  (target  velocity  manipulations) .  Horizontal 
tracking  difficulty  Is  equal  in  all  curves  and  represents  an 
average  across  all  difficulty  conditions.  The  five  curves 
were  plotted  from  the  regression  equations.  Because  of  the 
sampling  strategy  of  control  composite  response  surface  design 
actual  data  points  could  not  be  systematically  added  to  all 
curves  and  were  therefore  completely  deleted. 
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difference  was  in  the  parameter  selected  for  manipulation  of  tracking 
difficulty  on  vertical  and  horizontal  tracking.  Control  difficulty  was 
systematically  manipulated  by  adding  increasing  proportions  of  second 
order  (acceleration)  determinants  to  the  transfer  functions  of  the  hand 
controller,  thereby  incrementing  tracking  difficulty.  Control  dynamics 
generally  followed  the  equation: 

(1)  0  -  (l-o) 

s 

Theta  represents  control  system  output,  S  and  S2  are  the  first  and 
second  order  Laplace  transforms.  The  second  order  gain  (.3)  in  this 
transfer  function  was  increased  from  an  0.2  value  which  was  employed 
in  the  first  two  experiments.  Alpha  values  in  equation  1  were  manipulated 
to  vary  the  relative  contribution  of  velocity  and  acceleration  to  system 
response.  It  is  easy  to  observe  that  when  a  equals  0,  the  second  term 
disappears  and  the  systems  react  as  a  pure  first  order  velocity  controller. 
When  a  equals  1  the  system  becomes  a  pure  second  order  acceleration 
controller,  an  unstable  system  which  is  very  difficult  to  control. 

(Because  an  increment  in  the  level  of  a  increases  the  effect  of  the 
acceleration  component,  the  task  difficulty  parameter  in  this  experiment 
has  been  named  Acceleration) . 

During  the  three  preliminary  training  sessions  subjects  practiced 
this  variable  adaptively  until  they  reached  their  maximal  level  on  single 
and  dual  axis  tracking.  As  in  the  second  experiment  the  manipulation 
range  on  this  variable  was  defined  as  30  per  cent  Increase  and  decrease 
of  the  final  level  reached  by  each  subject  at  the  end  of  training.  This 
procedure  brought  again  an  average  increase  in  the  general  difficulty  of 
tracking  as  compared  with  tracking  in  the  first  experiment. 

Results  and  Discussion 


Among  the  three  difficulty  manipulations  investigated  in  the  present 
study,  changing  control  dynamics  appears  to  create  for  subjects  the  most 
demanding  configuration  to  cops  with.  This  increased  difficulty  was 
reflected  in  an  increased  instability  and  noise  in  the  measurement  of 
performance  and  larger  effects  of  individual  variability.  As  a  result, 
multiple  correlation  coefficients  for  the  regression  equations  computed 
on  vertical  and  horizontal  tracking  scores  decreased  to  0,48  and  0.57 
respectively.  Still,  the  analysis  of  variance  showed  high  reliability 
for  both  coefficients,  (For  horizontal  tracking.  F(9,65)  m  6.01, 

P  S  ,001.  For  vertical  tracking.  f(9,65)  ■  8.45.  P  <  .001).  Task 
priority  had  reliable  first  order  effect  on  horizontal  tracking  accuracy 
(F(.l,65)  ■  17,18,  P  k  ,001),  but  no  second  order  effect.  On  the  vertical 
dimension  first  order  effect  was  highly  reliabxe  (F(l,65)  -  50.05, 

P  <  .001),  and  second  order  effect  approached  statistical  reliability 
(F(l,65)  ■  3.92,  P  *  .06).  Clearly,  the  main  effect  of  priority 
on  tracking  performance  in  both  axes  was  linear  and  the  curvillnearlty 
contributed  by  second  order  components  in  the  first  two  experiments 
almost  disappeared.  The  overall  range  of  performance  variation 
contributed  by  the  priority  manipulation  resembled  the  range  observed 
in  the  second  experiment  and  was  much  narrower  than  the  range  obtained 
in  the  first  experiment.  The  standard  regression  coefficients  for  the 
first  order  effect  on  horizontal  and  vertical  tracking  were  0,93  and 
1.14  respectively.  Control  dynamics  turned  out  to  be  a  strong  and 
effectiye  manipulation  of  task  difficulty.  Highly  reliable  first  order 
effects  were  observed  for  this  manipulation  on  both  axes.  (For  horizontal 
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tracking:  F(l,65)  «  29.69,  P  <  .001.  For  vertical  tracking:  F  - 
(1,65)  17.51,  P  <  .001).  No  second  order  effects  were  found. 

In  addition  to  the  direct  effects  of  difficulty  and  priority,  in 
this  experiment  a  noticeable  effect  of  Interaction  between  resource 
allocation  (priority)  and  task  difficulty  seemed  to  emerge  on  the 
vertical  dimension,  and  approached  the  common  level  of  statistical 
reliability  (F(l,65)  -  3.23,  P  <  .09). 

Figures  7  and  8  present  the  average  P0C  and  a  family  of  POCs 
plotted  for  these  results.  It  la  evident  from  looking  at  these  figures 
that  within  the  relatively  shrunken  performance  range  presented  in 
Figure  7,  tradeoff  between  the  two  tracking  axes  is  close  to  linear. 

The  interaction  between  difficulty  and  priority  is  manifested  in  the 
fan-like  family  of  POCs  presented  in  Figure  8.  As  tracking  difficulty 
on  the  vertical  axis  is  decreased,  the  slope  of  the  P0C  curve  increases. 
It  is  in  this  lest  experiment  that  the  prediction  of  interaction  between 
task  difficulty  and  priority  as  a  result  of  sharing  a  common  resource 
was  borne  out. 


Impli cat ions  and  General  Discuss ion 


To  summarize  the  main  findings  of  the  three  experiments:  subjects 
were  shown  to  be  able  to  respond  separately  to  each  of  the  dimensions  of 
a  two  dimensional  tracking  task,  even  though  Integrated  slsplay  and  single 
controller  were  employed.  In  the  first  two  experiments,  where  frequency 
and  velocity  of  target  forcing  functions  were  varied  to  manipulate  task 
difficulty  tracking  performance  on  the  horizontal  and  vertical  axes, 
did  not  compete  with  each  other.  Subjects  could  relax  their  performance 
one  one  axis  but  were  unable  to  use  the  released  resources  to  Improve 
performance  on  the  other  axis  on  which  demand  was  simultaneously 
increased.  Direct  tradeoff  between  axes  was  observed  in  the  third 
experiment  when  control  difficulty  was  increased  and  required  the  subjects 
to  employ  a  more  complex  control  strategy. 


From  a  theoretical  viewpoint,  these  results  suggest  that  the  locus 
of  interference  in  the  time-sharing  performance  of  tracking  tasks, 
resides  primarily  in  the  response  selection  stage.  It  is  the  complexity 
of  control  response  and  control  strategy  on  each  dimension  which  seems 
to  impose  demands  on  a  common  resource  and  determine  the  degree  of 
interference  between  concurrently  performed  tracking  tasks.  To  account 
for  these  differencial  ef facta,  a  refined  approach  to  the  tracking  task 
is  required.  Suppose  that,  despite  the  apparent  similarity  between  vertical 
and  horizontal  tracking,  they  do  not  call  exactly  for  the  same  types  of 
resources.  Furthermore,  suppose  that  the  two  tasks  require  the  same 
kind  of  motor-related  resource,  but  different  kindi  of  perceptual  or 
"computational"  resources.  In  the  first  two  experiments,  the  load  on 
the  motor  system  (the  common  resource)  was  relatively  small,  because 
control  dynamics  was  primarily  first-order  and  easy  to  handle,  hence 
the  tasks  did  not  interfere  very  much  with  each  ocher.  However,  with  the 
increased  complexity  of  the  control  dynamics  in  the  third  experiment, 
both  tracking  dimensions  required  more  motor  capacity  in  all  experimental 
conditions,  so  that  they  had  more  to  compete  for.  The  discrepancy  between 
the  data  of  the  three  experiments  may  be  understood  if  we  realize  that  the 
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NRFORMANCI  ON  HORIZONTAL  AXII 
(1-RMI IRROR) 


,  7j  ’POC  curve  depicting  performance  tradeoff  between  horizontal  and 

vertical  tracking  aB  a  function  of  change  he  relative  priority. 
(Average  across  manipulations  of  control  d,  -s} .  Dots  represent 
mean  actual  data. 


Fig.  8:  A  family  of  POCfl  representing  tracking  accuracy  on  each  of 

the  axes  in  dual-axes  tracking  as  a  function  of  task  emphasis. 
Each  J.OC  corresponds  to  a  different  level  of  vertical  tracking 
difficulty.  (Control  dynamics  manipulations).  Horizontal 
tracking  difficulty  is  equal  in  all  curves  and  represents  an 
average  across  all  difficulty  conditions.  The  five  curves  were 
plotted  from  the  regression  equations.  Because  of  the  sampling 
strategy  of  central  composite  response  surface  designs  actual 
data  points  for  all  curves  could  not  be  systematically  added  and 
were  therefore  completely  deleted. 
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only  parameter  which  eeems  to  affect  the  motor  system  is  the  control 
dynamics  manipulation.  Manipulations  of  target  frequency  and  velocity 
of  movement  did  not  increase  the  general  difficulty  of  system  control 
and  therefore  did  not  affect  the  resource  utilization  of  the  common 
resoucre,  and  had  little  Impact  on  the  tradeoff  betven  vertical  and 
horizontal  tracking. 

The  results  of  the  present  experiments  have  several  practical  implica¬ 
tions.  They  suggest  that  as  long  as  the  control  resource  is  not  exhausted, 
performance  on  two  concurrently  performed  tracking  dimensions  can  progress 
in  parallel  and  each  of  them  has  separate  limitations. 

In  the  evaluation  and  design  of  manual  control  systems,  one  should 
be  very  cautious  In  the  selection  of  performance  measures  and  determination 
of  load  Imposed  on  the  operator.  Vector  error  measures  are  clearly 
inadequate  when  attention  demands  can  change  dynamically.  Employing  an 
Integrated  control  and  display  device  does  not  necessarily  imply  task 
Integration  with  regard  to  the  performance  strategy  selected  by  the 
operator.  It  also  does  not  allow  the  designer  to  assume  that  every 
change  in  the  system  design  would  affect  the  control  task  as  a  whole. 

These  distinctions  are  of  special  importance  in  the  design  of  auto¬ 
matic  control  augmentation  and  development  of  training  devices. 
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ABSTRACT 


The  discrete  control  modelling  methods  used  to  represent  and  analyze  per¬ 
formance  data  obtained  from  a  three  person  AAA  tracking  simulation  are  dismissed. 
The  baslo  model  structure,  a  hierarchical  network  of  oommunlcating  finite  systems, 
is  presented  and  selected  state  transition  function  estimates  are  also  presented. 
From  the  analysis  several  generalizations  about  the  strategies  employed  by  the 
subject  teams  are  identified. 


1.  INTRODUCTION 


The  general  olass  of  systems  of  Interest  is  that  in  whloh  the  operator  (operators) 
of  the  system  has  (have)  available  only  a  finite  number  of  control  or  decision  alterna¬ 
tives  and  these  are  used  to  directly  or  indirectly  control  the  behavior  of  the  system 
over  time.  An  operator  might  also  have  other  tasks  including  continuous  control  tasks 
to  perform,  but  die  issue  here  la  the  set  of  discrete  decisions  by  which  the  Bystem 
configuration  and  mode  of  operation  is  established,  and  the  procedures  by  which  the 
team  members'  activities  are  coordinated. 

The  modelling  questions  focus  on  the  problems  of  capturing  in  some  mathema¬ 
tical  representation  the  way  in  which  team  members  might  decompose  a  oomplex 
problem  into  simpler  parts  and  how  they  then  manage  to  coordinate  their  Individual 
activities  and  configure  the  system  so  that  acceptable  overall  system  performance  is 
achieved.  The  basic  questions  therefore  are  questions  of  knowledge  representation, 
information  flow  and  communication  in  a  complex  system.  A  general  hierarchical/ 
heterarchical  structure  which  allows  for  structural  coordination  of  subsystems  by 
upper  level  components  and  which  utilizes  a  heterarchical  control  structure  to  shift  the 
focus  of  control  to  the  proper  subsystem  at  the  proper  time  has  been  developed.  This 
general  structure  was  used  to  guide  the  analysis  of  a  simulated  anti-aircraft  artillery 
system.  A  specific  realization  of  the  structure  was  constructed  and  the  data  obtained 


from  experiments  using  the  above  mentioned  simulator  were  Interpreted  uBlng  this 
struoture  and  specially  designed  analysis  routines.  The  model  and  its  key  properties 
form  the  major  part  of  this  paper. 


2.  A  DESCRIPTION  OF  DISCRETE  CONTROL  MODELLING 


The  only  property  established  by  the  definition  of  dlsorete  control  oited  above 
is  that  a  finite  number  of  control  alternatives  are  available  for  use  by  the  operators. 
The  operators  presumably  ohange  the  alternative  (control)  selected  from  time  to  time 
in  response  to  ohanglng  requirements  or  a  changing  environment.  Basically,  the 
purpose  behind  constructing  a  dlsorete  oontrol  model  Is  to  explain  how  speolflo  selec¬ 
tions  are  reached  from  information  about  the  system,  environment  and  the  context  of 
the  situation. 

It  is  assumed  throughout  this  development  that  the  information  about  the  con¬ 
trolled  system  and  the  environment  which  Is  displayed  to  the  operator,  or  otherwise 
provided  him,  is  dlsorete.  The  assumption  is  that  such  data  are  naturally  dlsorete 
or  are  used  by  him  in  discrete  form.  It  is  assumed  that  any  continuous  Information 
oan  be  oategorlzed  in  some  way;  e.g. ,  slow,  medium,  fast.  This  process  of  repre¬ 
senting  continuous  Information  in  a  discrete  qualitative  format  In  some  sense 
corresponds  to  a  feature  extraction  or  abstraction  process  performed  by  an  operator 
when  encoding  and  internalizing  the  information  provided  him. 

Abstractly  then  the  discrete  oontrol  context  consists  of  an  operator  or  team  of 
operators  receiving  Information  in  the  form  of  event  sequences  and  producing  some 
sequence  of  control  selections  in  response.  A  behavioral  representation  of  a  discrete 
controller  (operator  or  operators)  is  then  a  system  S, 

S  C  At  x  BT 

where  T  denotes  the  time  set,  A  the  Input  alphabet  (set  of  possible  inputs  to  the 
operators,  here  assumed  finite),  and  B  the  output  alphabet  (set  of  deotBlon  alterna¬ 
tives,  also  assumed  finite).  The  set  A7  is  the  set  of  possible  input  Amotions  with 
domain  T  and  co-domain  A.  BT  is  similiarly  defined.  The  system  S  therefore  is 
the  relation  consisting  of  the  pairs  of  input-output  behaviors  which  are  possible.  This 
relation  can  be  thought  of  as  the  sample  space  from  which  all  data  items  in  a  discrete 
control  experiment  are  selected. 

The  task  in  modelling  is  to  provide  a  more  detailed  and  constructive  description 
of  the  relation  S.  In  systems  theoretio  terms  this  is  usually  accomplished  through  a 
state  decomposition  of  the  system  and  the  construction  of  state  transition  and  output 
assignment  functions.  Since  the  input  and  output  alphabets  are  both  finite  sets  in 
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discrete  control  si  tut  at  Ions,  an  event  based  state  description  Is  most  useful.  Let  C 
denote  the  stato  space,  a  finite  set.  and  define 

M  *  {m|m :  C-*  [0,l],  £  m(c)  ■  l} . 

C 

M  should  be  Interpreted  as  the  set  of  all  state  ocoupaney  probability  distributions 
defined  on  state  space  C.  Now  a  function  of  the  form 

§:CxTxAxT-+M 

is  a  state  transition  function  of  a  very  special  kind.  Specifically, 

§  (o,  t,  a,  s)  M 

defines  a  conditional  state  occupancy  distribution  with  the  conditioning  provided  by  the 
following  information: 

1)  The  state  at  the  last  event  occurrence  was  c. 

2)  State  o  had  been  occupied  t  units  at  that  time. 

3)  The  next  state  change  event  ocours  within  s  time  units, 

4)  The  input  over  the  interval  from  the  last  event  to  the  next  event 
is  fixed  at  a. 

The  fUnotlon  §  then  establishes  the  probability  of  state  oooupanoy  within  a  specified 
length  of  time  given  certain  state  and  input  information. 

An  output  assignment  function  is  simply  a  function  of  the  form 

A>*  C  — *B 

and  it  simply  assigns  the  appropriate  output  symbol  to  eaoh  state.  Together  the  state 
transition  and  output  assignment  functions  provide  a  stoohastlo  representation  of  the 
system  S.  More  precisely,  when  modelling  one  must  find  a  state  spaoe  C  and  func¬ 
tions  $  and  A  which  provide  an  adequate  representation  of  a  given  system  S. 

The  concept  of  state  and  state  transition  used  above  is  a  highly  abstract  one  and 
for  any  complex  system  requires  some  additional  refinement.  Experience  with  discrete 
oontrol  modelling  has  shown  that  a  very  powerful  way  of  constructing  representations  is 
through  the  use  of  networks  of  simple  systems. 

The  diagram  shown  in  Figure  1  is  a  simple  Illustration.  Eaoh  system  in  the 
network  is  a  finite  state  system  represented  by  the  usual  objects:  an  input  alphabet, 
output  alphabet,  state  space,  transition  funotlon  and  output  assignment  function.  In 
other  words,  eaoh  system  in  the  network  inherits  all  of  the  properties  dlsoussed  above. 


The  state  space  of  the  oomplete  system;  l.e. ,  the  network.  Is  then  the  cartesian  prod- 
uot  of  the  state  spaoes  of  the  oomponent  systems.  The  state  transition  funotlon  and 
output  assignment  funotlon  required  to  represent  S  also  follows  from  the  Amotions 
associated  with  the  Individual  elements  In  the  network.  Eaoh  system  In  the  network 
Is  governed  by  a  transition  funotlon  and  any  change  In  state  Is  oommunloated  to  the 
appropriate  systems  via  the  oommunloation  links  defined  by  the  network.  The  system 
transition  function  then  Is  really  a  fairly  oomplex  funotlon  whloh  Is  in  some  sense  the 
product  of  the  appropriate  Individual  funotlon.  But.  the  important  point  Is  that  eaoh 
individual  element  Is  quite  simple  and  the  rules  for  oonstruotlng  the  overall  state 
transition  funotlon  are  straightforward.  In  other  words,  by  knowing  the  properties  of 
the  oomponent  systems  and  the  road  map  whloh  defines  their  Interconnection,  the 
system  properties  easily  follow. 

One  advantage  of  the  network  oonstruotion  is  complexity  reduction.  The  number 
of  transition  probabilities  that  must  be  estimated  is  substantially  smaller  than  would  be 
the  oase  without  the  network  decomposition.  The  network  representation  also  has  a 
distinct  substantive  advantage.  The  primary  reason  for  oonBtruoting  the  model  in  the 
first  plaoe  Is  to  help  explain  how  operators  perform  dlsorete  control  tasks.  The  net¬ 
work  is  in  essenoe  a  representation  of  the  intelligence  whloh  might  be  brought  to  bear 
on  the  problem.  It  is  one  way  of  representing  a  oomplex  problem  in  a  manageable 
form.  Eaoh  system  in  the  network  represents  some  important  aotlvlty  or  subsystem 
whloh  the  operator  must  control.  By  identifying  what  these  oomponent  systems  are  and 
how  they  interrelate,  the  dlsorete  control  model  Is  constructed ,  and  network  representa¬ 
tion  follows  as  a  natural  by-product. 
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The  main  effort  in  disorete  control  modelling  is  Bpent  in  constructing  the  net¬ 
work.  Once  the  network  Is  obtained  data  analysis  and  the  estimation  of  transition 
functions  can  proceed  in  a  fairly  mechanical  way,  but  the  analysis  must  start  with  the 
network  and  the  sucoeBs  or  failure  of  the  modelling  effort  depends  to  some  degree  on 
the  care  whioh  goes  Into  the  specification  of  the  structure.  A  few  comments  about  the 
overall  process  of  disorete  control  modelling  are  provided  below. 

The  first  step  is  to  determine  all  of  the  disorete  outputs  which  the  system  Is 
required  to  specify.  These  normally  are  the  speolflc  deolslon  alternatives  which  the 
operators  can  select  from  and  typically  include  items  like  switch  settings  and  other 
disorete  status  indicators.  Such  items  generally  can  be  obtained  from  a  detailed 
analysis  of  the  system  which  the  operators  control.  In  some  oases  it  may  not  be 
necessary  or  desirable  to  work  at  the  level  of  Individual  switohes  In  whioh  case  the 
analyst  must  define  the  proper  level  and  specify  In  unambiguous  terms  exaotly  what  the 
output  primitives  are  to  be.  The  individual  items  identified  in  this  phase  of  the  analysis 
determine  the  system  output  alphabet. 

The  seoond  step  is  to  identify  the  exogenous  input  variables  whioh  in  some  sense 
drive  the  system.  These  might  include  things  like  target  trajectories,  or  oommand 
information  from  other  systems.  Some  of  this  information  will  probably  be  in  the  form 
of  continuous  variables  in  which  case  rules  for  Interpreting  Buoh  data  in  events  format 
must  be  defined.  This  step  corresponds  to  some  type  of  feature  extraction  through 
whioh  the  essential  information  classes  are  extracted  from  the  data.  For  example, 
targets  might  be  classed  as  maneuvering  or  non-maneuvering  as  a  function  of  their 
time  behavior.  In  essence  the  task  is  to  abstraot  out  a  small  number  of  information 
classes  which  oan  then  be  used  for  disorete  control  analysis. 

At  the  same  time  other  non-exogenous  continuous  information  suoh  as  tracking 
errors  must  be  represented  in  events  format.  There  are  no  preset  procedures  for 
accomplishing  this  but  rules  speolfloally  designed  to  match  the  problem  oontext  must 
be  defined. 

The  next  step  requires  that  the  elements  to  be  used  in  the  network  be  defined. 

It  is  important  to  note  that,  for  purposes  of  data  analysis,  the  state  of  any  system 
defined  must  be  computable  from  available  information.  That  is,  data  analysis  cannot 
prooeed  If  the  state  of  one  or  more  systems  in  the  network  oannot  be  uniquely  speolfled. 
With  this  constraint  in  mind,  the  process  of  defining  the  required  or  desired  systems 
prooeeds  in  several  stages  whioh  are  often  patterned  after  a  level  of  abstraction 
hierarchy.  First  level  systems  (components)  are  one  level  of  abstraction  away  from 
the  primitive  data  items  and  they  consist  of  fairly  independent  subsystems.  These  oan 
be  established  on  functional  grounds  or  for  purposes  of  forming  aggregate  information 
about  the  primitives.  Becond  level  systems  are  formed  in  a  similar  manner  from  the 
primitives  and  the  first  level  systems.  These  oan  be  formed  to  provide  coordination 
of  the  lower  level  activities  and  functions,  or  they  can  again  simply  be  an  aggregation. 
This  procedure  of  subsystem  definition  continues  until  no  further  systems  are  needed. 


Hie  key  point  that  the  states  of  alt  systems  at  each  level  must  be  determined  from 
simple  logioal  onerattons  on  systems  previously  defined.  Once  the  component  systems 
have  been  defined  the  network  must  be  define  1.  ^hls  1b  probably  best  accomplished  In 
two  steps  because  two  kinds  of  Information  generally  flow  through  the  system  network. 
In  some  cases  the  state  of  a  given  system  Is  said  to  dlreotly  constrain  the  states  which 
another  system  can  occupy  whereas  in  other  situatio  n  the  information  that  flows  to  a 
system  only  influences  the  decisions  whioh  specify  the  state.  The  two  networks  should 
be  considered  separately.  The  graph  of  the  first  type,  the  constraint  network,  should 
be  constructed  and  die  constraints  themselves  identified.  After  this  has  been  accom¬ 
plished  the  various  systems  which  are  decision  loot  are  dearly  identifiable  and  the 
deolalon  Influence  network  oan  be  established. 

In  the  next  section  these  modelling  Ideas  are  applied  to  the  problem  of  repre¬ 
senting  discrete  oontrol  behavior  In  a  simulated  anti-aircraft  artillery  system. 


3.  DESCRIPTION  OF  THE  AAA  SYSTEM  AND  THE  EXPERIMENT 


The  system  whioh  served  as  the  focus  of  the  study  was  a  man-ln-the-loop  simu¬ 
lation  of  an  antl-atrcraft  artillery  (AAA)  installation.  This  system  consisted  of  a 
mock-up  of  the  operators*  consoles.  Including  the  major  controls,  switches,  and 
displays;  plus  the  computing  equipment  required  to  drive  the  displays,  reoord  data  and 
generally  simulate  the  AAA  system  and  Its  environment.  This  particular  simulator 
required  a  three  person  team  consisting  of  a  range  tracker,  an  angle  tracker  and  a 
commander.  Basically  the  system  consists  of  two  optical  sighting  systems  (left  optlos, 
right  optlos),  a  radar  system  with  separate  displays  for  the  angle  operator  and  range 
operator,  a  gun  servo  system  whioh  positions  the  guns  as  a  function  of  tracking  com¬ 
mands,  and  a  lead  angle  computer.  There  are  also  a  variety  of  swltohes  and  controls 
devloes  used  to  oontrol  and  ooordlnate  the  activities  of  the  system.  The  simulator  Is 
looated  at  the  Aerospaoe  Medical  Researoh  Laboratory,  Wrlght-Patterson  Air  Force 
Base  and  the  experiments  whioh  provided  the  data  used  in  this  analysis  were  performed 
by  AMRL  personnel. 

The  experiment  was  a  highly  stylised  simulation  of  the  AAA  task.  Subject  teams 
were  required  to  searoh  for,  aoqulre,  ami  track  simulated  targets  and  to  try  to  maxi¬ 
mize  the  hit  score  attained  on  each  target.  The  teams  were  free  to  select  any  system 
mode  of  operation  at  any  point  In  time.  TeamB  were  asked  to  perform  simulated 
"missions"  whioh  oonslsted  of  a  sequence  of  23  targets  whioh  they  were  required  to 
aoqulre  and  track.  Targets  were  presented  one  at  a  time  and  the  target  trajectory  ran 
its  full  course  before  a  new  target  was  introduced.  There  was  also  a  period  of  time 
between  targets  during  whioh  no  target  was  present.  The  subject  teams,  however, 
remained  actively  Involved  in  the  searoh  for  the  next  target  during  this  Interval.  Subject 
teams  were  given  the  approximate  coordinates  of  the  next  target  to  maximize  the 


probability  of  detection.  This  Information  simulated  the  role  of  an  early  warning 
system.  Two  of  the  three  subject  teams  completed  a  total  of  23  missions  and  the 
third  team  completed  22. 

Four  distinct  trajectories  were  used.  One  was  considered  a  simple  "non¬ 
threat"  type  of  trajectory,  the  other  three  were  considered  "threat"  trajectories  by 
the  experimenters.  Six  disturbance  pattern  types  were  imposed  on  the  three  easiest 
trajectories  and  five  were  Imposed  on  the  most  difficult  one.  The  net  result  was  23 
distinct  experimental  conditions  made  up  of  disturbance  type,  trajeotory  combinations. 
Each  experimental  condition  was  presented  once  during  eaoh  mission  (henoe  23 
targets/mission).  Presentation  of  the  conditions  was  randomized  from  session  to 
session.  Also,  data  collection  was  grouped  into  blocks  of  four  missions  for  eaoh  of 
the  three  teams.  After  each  block  was  completed,  the  parameters  whloh  controlled 
the  onset  and  duration  of  the  disturbance  conditions  were  modified  to  prevent  learning 
of  the  disturbance  patterns. 

Data  were  collected  in  time-series  format  for  every  simulated  mission  in  the 
experiment.  The  time  set  of  the  data  collection  is  the  mission  time  set  whloh  meanB 
that  a  complete  running  record  of  all  measured  variables  was  collected  from  the  begin¬ 
ning  to  the  end  of  a  mission.  The  data  oolleoced  included  dlsorete  status  lndloator  type 
information,  certain  continuous  traoklng  information,  and  header  information  to  indicate 
teams  and  trajectories.  All  data  were  collected  at  a  SO  HZ  sampling  rate.  The  dlsorete 
data  collected  consisted  of  all  switch  settings,  and  status  display  states,  plus  oertaln 
variables  Intended  to  provide  information  about  the  activities  and  performance  of  the 
team. 


4.  DECOMPOSITION  OF  THE  AAA  SYSTEM 


The  operators  of  the  AAA  system  together  must  make  decisions  which  determine 
whloh  aotivitleB  are  to  be  engaged  in  and  whloh  mode  of  operation  is  to  be  used  at  eaoh 
point  In  time.  Their  individual  activities  and  decisions  must  be  coordinated  if  the  sys¬ 
tem  performance  level  is  to  be  maximized.  Suoh  coordination  is  achieved  only  if 
certain  information  flows  through  the  system  and  eaoh  operator  performs  his  tasks 
acourately  and  In  a  timely  manner.  The  model  of  the  AAA  system  used  for  analysis  of 
the  experimental  data  was  oarefully  structured  to  capture  the  coordination  and  communi¬ 
cation  requirements  as  well  as  quantify  individual  task  performance. 

The  complexity  of  the  total  system  makes  it  necessary  to  decompose  the  system 
into  a  number  of  smaller ,  less  complex  systems  which  are  responsible  for  oertaln 
speolfto  tasks  or  serve  as  the  information  transfer  points  necessary  for  coordination. 
These  smaller  systems  are  placed  in  a  network  in  whloh  the  systems  themselves  are 
the  nodeB  and  the  arcs  the  communication  links.  The  network  serves  as  the  model  of 
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the  team  of  operators  working  together  on  the  discrete  control  problems  Imposed  by 
the  AAA  system. 

The  network  is  probably  best  viewed  as  a  related  set  of  Internal  models.  Cer¬ 
tain  parts  of  the  network  are  best  thought  of  as  the  Internal  models  used  by  specific 
team  members.  But*  other  parts,  particularly  those  which  provide  common  communi¬ 
cation  points,  are  best  thought  of  as  models  shared  by  two  or  more  of  the  members. 
Through  training  and  experience  the  team  members  learn  the  overall  mission  objectives 
and  they  learn  what  information  must  be  shared,  henoe  developing  at  some  level  a 
oommon  representation  of  the  problem  and  the  system.  Deo  is  ions  made  by  the  opera¬ 
tors  are  presumed  to  be  based  on  the  state  of  these  internal  models.  Furthermore, 
the  decisions  represent  the  desire  to  ohange  the  state  of  some  component  Bystem  thus 
enabling  or  disabling  the  occurrence  of  other  events  and  decisions. 

A  brief  overview  of  the  speolfio  systems  used  and  some  rationale  for  their 
construction  Is  given  below.  More  details  are  available  in  [l]. 

Several  levels  of  analysis  and  types  of  decomposition  are  needed  to  construct  a 
representation  of  a  system  as  complex  as  this  AAA  system.  The  required  decomposi¬ 
tion  takeB  place  along  three,  not  necessarily  independent,  dimensions: 

1)  Variable  Type 

a)  exogenous 

b)  endogenous 

2)  Level  of  Analysis  or  Description 

a)  primitive  component 

b)  major  components 

c)  functional  systems 

d)  ooordlnatlon/communication  systems 

e)  management/command  systems 

3)  SyBtem  Type 

a)  interfaoe  or  information  feedback 

b)  decision  controlled 

c)  event  controlled. 

In  terms  cf  decomposition  by  variable  type,  the  trRjeotory  number,  the  target 
position  system,  and  the  disturbance  system  are  the  only  exogenous  variables.  These 
systems  are  used  to  provide  any  target  specific  information  used  by  other  systems  In 
the  model  and  to  explain  any  trajectory  specific  behavior.  All  other  variables  In  the 
system  are  endogenous  and  characterize  behaviors  and  deoisions  produced  by  the  team 
members  In  response  to  the  presented  targets. 
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A  hierarchical  system  Involving  the  five  levels  of  analysis  listed  above  was 
used  to  establish  the  elements  of  the  disorete  control  model.  As  one  moves  from  the 
top  of  the  list  to  the  bottom,  the  view  of  the  AAA  system  becomes  more  global  and 
systemic.  At  the  lowest  level  the  perspective  is  that  of  individual  controls  and 
switches,  at  the  top  the  perspective  is  that  of  overall  mission  objectives.  Upper  levels 
define  abstraot,  less  detailed  views  of  the  system;  lower  levels  fill  in  the  details.  By 
moving  from  the  top  level  to  the  bottom,  any  question  about  system  performance  and 
operation  can  be  answered. 

Level  1,  the  primitive  component  level  consists  of  twenty  simple  systems  which 
correspond  to  the  baslo  switches  and  oontrols  used  during  the  experiments.  The  primi¬ 
tive  components  are  listed  in  Table  1.  These  items  are  the  deolslon  or  event  controlled 
elements  in  the  system.  The  state  of  eaoh  component  listed  In  Table  1  must  be  estab¬ 
lished  by  some  system  higher  in  the  system  hierarchy. 


Table  1 

Primitive  Components 


Component  Name 

States 

Antenna  Horn 

Search,  Track 

Automatic  Clroular  Soan 

Fast,  Slow 

Radar  Mode 

Clroular  Scan,  Sector  Soan,  Manual,  Automatic 

Oun  Servo  Mode 

Semi-Auto,  Automatic 

0°  Lead  Enable 

On,  Off 

Lead  Enable 

On,  Off 

Mode  Switch 

Mode  I,  Mode  n 

Computer  Shunt 

On,  Off 

Data  Ready  Indicator 

On,  Off 

Coolant 

On,  Off 

Trigger 

On,  Off 

Display  in  Use 

Optics,  Not  Optics 

Azimuth  Tracking  Control 

Rate,  Position 

Elevation  Tracking  Control 

Rate,  Position 

Range  Traoklng  Control 

Fine,  Coarse 

Sight  Selector 

Left,  Right 

Sight  Magnification 

2x,  6x 

Sight  Filter 

Clear,  Neutral,  Yellow 

Lower  Barrels 

On,  Off 

Upper  Barrels 

On,  Off 

The  system  component  level  oontalns  two  types  of  systems;  distinct  system 
components  such  as  the  lead  angle  computer ,  and  pseudo  components  defined  by  group¬ 
ing  certain  primitive  components  which  are  manipulated  together .  The  level  two  com¬ 
ponents  are  listed  in  Table  2.  Complete  state  assignment  rules  are  given  In  [l]. 

The  sight  system  established  the  physical  configuration  of  the  optical  sighting 
meohanlsm.  The  sight  selector  system  is  considered  separately  beoause  of  Its 
Importance  In  oertain  modes  of  operation  (to  be  dlsoussed  when  level  four  systems  are 
discussed). 

The  range  oontrol  control  component  is  obvious.  The  gun  configuration  system 
defines  precisely  which  barrels  are  enabled  at  any  point  in  time  and  hence  determines 
the  maximum  rate  of  fire  possible.  The  angle  track  oontrols  component  establishes 
the  exact  configuration  of  azimuth  and  elevation  oontrols. 

The  gun  servo  enabling  network  is  a  pseudo  component.  The  state  of  this  com¬ 
ponent  establishes  how  tracking  information  flows  through  the  system  to  the  input  of 
the  gun  drive  mechanisms.  Such  flow  can  be  disabled,  fully  enabled,  or  standby. 


Table  2 

List  of  Level  2  and  Level  3  Systems 


Level  2 

System  Components 

Level  3 

Functional  Systems 

Sight  System 

Fire  Control  Network 

Sight  Seleotor 

Firing  System 

Range  Control 

Gun  Directing  SyBtem 

Gun  Configuration 

Angle  Traok  System 

Angle  Traok  Controls 

Range  Track  System 

Gun  Servo  Enabling  Network 

Radar  Antenna  Drive 

Computer 
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The  radar  antenna  component  defines  the  physical  mode  of  operation  of  the 
mechanism  which  controls  the  motion  of  the  antenna  and  the  radar  beam  characteris¬ 
tics.  State  1  is  auto  track  which  means  that  the  track  or  narrow  beam  is  in  ubb  and  the 
range  signals  are  under  automatic  oontrol.  The  angle  signals  may  also  be  under  auto¬ 
matic  control  depending  on  the  state  of  upper  level  systems.  State  2  is  manual  traoklng 
and  states  3  through  6  are  the  various  searoh  modes  which  the  team  may  use. 

The  computer  is  a  physical  component  with  three  states  of  interest:  standby, 
settling,  operating.  Settling  refers  to  the  period  of  time  after  which  the  computer  is 
put  in  use  but  before  a  solution  is  reached.  Operating  refers  to  the  period  during  which 
a  lead  angle  solution  is  available. 

The  AAA  system  has  other  components,  for  example  the  A  soope  display  used 
by  the  range  operator,  but  none  of  these  additional  components  have  more  than  one 
mode  of  operation  whloh  is  of  operational  slgnlfloanoe.  The  components  desorlbed 
above  are  precisely  those  which  can  potentially  be  used  In  multiple  ways  and  whloh 
refloat  the  deolslon  making  aotlvity  of  the  team  members. 

Level  3  in  the  hierarchy  is  used  to  abstract  out  five  major  systems  whloh  per¬ 
form  the  several  functions  which  are  prerequisite  if  the  system  is  to  meet  engagement 
and  mission  objectives.  These  five  are  also  listed  In  Table  2. 

The  states  of  the  fire  oontrol  network  are  defined  to  be  looked,  data  enabled, 
fire  enabled.  When  the  fire  oontrol  system  Is  In  the  looked  state  the  guns  oannot  be 
fired.  When  in  the  data  enabled  state,  traoklng  data  are  available  and  with  appropriate 
aotion  by  the  angle  operator  the  guns  can  be  fired.  When  the  fire  enabled  state  Is 
entered,  the  guns  oan  be  fired  at  any  time.  The  firing  system  states  are  simply  firing 
and  not  firing.  The  firing  state  Is  entered  whenever  the  trigger  Is  depressed,  but  firing 
aotually  ocours  only  If  the  fire  oontrol  network  is  in  the  fire  enabled  state  at  the  time. 

In  other  words,  these  systems  must  be  coordinated  for  the  overall  system  to  function 
properly. 

The  gun  directing  system  characterizes  the  status  of  the  gun  drive  mechanism. 
The  Btates  are  defined  to  be  standby,  0°  lead  traoklng,  and  lead  tracking.  When  the 
gun  directing  system  is  in  the  standby  state  the  guns  are  not  in  motion.  When  in  the  0° 
lead  state  the  input  to  the  gun  drive  servomechanisms  comes  directly  from  the  angle 
tracking  system.  In  the  lead  tracking  state  the  guns  are  driven  by  the  output  of  the  lead 
angle  oomputer.  The  proper  state  for  this  system  at  any  point  in  time  depends  on  a 
number  of  faotors  which  are  established  by  the  state  of  other  higher  and  lower  level 
systems. 

The  angle  track  and  range  track  systems  must  provide  the  target  Btate  data 
which  direotly  or  lndlreotly  drive  the  gun  directing  mechanism. 


The  angle  track  system  states  are  defined  to  be  optics  auto,  optics  manual, 
radar  auto,  and  radar  manual.  These  define  whether  or  not  the  angle  operator  is 
monitoring  the  PP1  radar  display  or  using  one  of  the  optical  sighting  systems  and 
whether  the  angle  track  data  available  at  the  time  is  produced  by  automatic  control 
or  by  the  angle  operator  himself  via  manual  control.  The  range  tracking  system, 
although  logically  a  distinct  system,  has  no  autonomy  In  termB  of  dlsorete  oontrol. 
There  Is  only  one  display  and  whether  the  mode  Is  automatic  or  manual  is  completely 
controlled  by  other  systems.  The  details  of  the  range  tracking  system,  therefore, 
need  not  be  considered  further  for  dlsorete  control  modelling. 

Clearly,  the  systems  whioh  form  the  functional  systems  level  of  the  hierarchy 
partition  into  three  distinct  groups:  range  and  ang’s  tracking;  gun  directing  system; 
and  fire  control  network  and  firing  system.  TheBe  groups  define  the  three  major 
functions  of  the  AAA  system:  traoktng  targets,  aiming  die  guns,  and  firing  at  the 
targets.  Obviously,  eaoh  of  these  systems  must  function  properly  for  the  mission 
objectives  to  be  met. 

Level  four  In  the  hierarchy  is  defined  to  be  the' cofahiunication/coor dination 
level.  The  only  system  residing  at  this  level  is  the  engagement  status  system.  This 
system  is  best  thought  of  as  a  communication  center  through  whioh  Information  about 
the  current  activities  of  the  system  is  passed.  This  Information  Is  then  appropriately 
distributed  and  other  system  activities  are  enabled  or  disabled  accordingly.  The  states 
of  the  engagement  status  system  are:  searoh,  manual  track,  settling,  and  valid  data. 
These  states  define  the  various  conditions  the  system  oan  be  in  from  the  beginning  to 
the  end  of  any  single  engagement.  This  system,  together  with  other  systems  soon  lo 
be  discussed,  establishes  whether  or  not  things  are  progressing  normally. 

The  fifth  and  highest  level  in  the  hierarohy  Is  the  management/oommand  level. 
This  level  contains  one  system,  the  tactics  system.  This  system  Is  the  locas  of  Infor¬ 
mation  and  decisions  concerning  basic  modes  of  operation.  The  taotios  system,  has 
five  states:  Normal  Mode  1,  Normal  Mode  2,  Mode  4,  Emergency  Mode  1,  and 
Emergency  Mode  2.  Mode  1  refers  to  full  automatic  operation  during  traoklng.  That 
Is,  azimuth,  elevation  and  range  tracking  data  are  all  under  full  automatic  oontrol  once 
the  auto  track  mode  (settling  or  valid  data  Btates  of  the  engagement  status  system)  Is 
entered.  The  guns  are  directed  by  data  from  the  lead  angle  computer  In  this  mode. 

In  Mode  2,  only  range  data  are  placed  under  automatic  control  when  the  auto  track  mode 
is  entered.  Angle  data  are  produced  by  manual  traoklng.  The  guns,  however,  are 
directed  by  the  lead  angle  computer. 

The  emergency  designation  refers  to  fire  control  rather  than  traoklng.  In  the 
emergenoy  modes  the  oomputer  shunt  Is  turned  on  so  that  the  guns  oan  be  fired  whether 
or  not  the  lead  angle  computer  has  reaohed  a  soluMoa. 

Mode  4  operation  is  a  full  manual  mode  in  whioh  the  radar  system  Is  not  used 
and  the  gun  driver  mechanism  is  slaved  to  the  angle  tracking  output.  This  mode  is 
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functional  only  if  the  angle  track  controls  are  in  the  rate  mode  (State  4).  Furthermore, 
the  only  display  which  produces  meaningful  data  in  this  case  is  the  right  optical  system. 

The  state  of  the  tactlos  Bystem  determines  how  the  activities  of  the  major  func¬ 
tional  systems  will  be  carried  out  once  the  engagement  status  reaohes  the  settling  and 
valid  data  states.  Further,  it  determines  whether  the  guns  oan  be  fired  prior  to  the  valid 
data  state.  Finally,  if  mode  4  is  selected  the  normal  constraints  Imposed  by  the  engage¬ 
ment  states  system  are  overridden  but  additional  constraints  must  be  Imposed  on  com¬ 
ponent  level  systems  If  the  system  is  to  funotion  properly. 

The  only  additional  systems  which  must  be  defined  under  decomposition  by 
syBtem  type  are  the  interface  or  information  feedback  systems.  There  are  four  Buch 
systems:  Tracking  Performance,  System  Performance,  Ammunition  Balanoe,  and 
Mission  Status. 

The  tracking  performance  system  provides  feedback  about  the  quality  of  track¬ 
ing.  It  is  hierarchically  defined  in  the  sense  that  angle  tracking  errors  are  deemed 
more  Important  than  range  traok  errors.  The  states  of  the  system  are:  no  target  on 
any  display;  angles  locked;  angles  OK,  range  locked  and  traok  OK.  Mo  target  on  dis¬ 
play  can  occur  if  (he  tracking  error  is  very  large,  or  if  there  is  no  target  to  traok. 

Angles  locked  is  any  case  in  which  azimuth  or  elevation  error  is  sufficiently  large  that 
the  automatic  tracking  system  oannot  function.  Range  looked  is  a  similar  condition  for 
range  tracking  error . 

The  system  performance  feedback  systems  attempts  to  capture  some  informa¬ 
tion  about  overall  system  performance.  The  states  of  this  system  are:  no  data,  off 
target,  on  target.  As  designed  this  measure  is  a  very  local  measure  of  system  per¬ 
formance.  It  would  be  desirable  to  have  a  more  global  measure,  but  implementation 
problems  prevented  the  use  of  such  variables  during  this  analysis.  This  system  does, 
however,  provide  Information  about  time  on  target,  time  off  target  and  similar  data. 
Clearly,  if  one  or  more  major  functional  systems  1b  not  performing  adequately,  system 
performance  state  3  will  not  be  oocupied. 

The  ammunition  balance  system  determines  the  relative  number  of  rounds  in  the 
upper  and  lower  magazines.  In  the  absence  of  other  information,  these  data  can  be 
used  to  manage  the  use  of  ammunition  resources . 

The  mission  status  system  is  used  to  assess  overall  ammunition  resources  with 
respect  to  the  requirements  of  the  remaining  portion  of  the  mission.  The  state  of  this 
syotem  establishes  whether  or  not  speolal  ammunition  oontrol  (i.e. ,  special  concern 
with  firing  oontrol)  is  needed  if  the  mission  is  to  be  completed  without' depletion  of 
resources. 

These  four  systems  provide  the  several  systems  in  the  discrete  control  hierarchy 
with  information  about  local  and  global  performance.  This  Information,  particularly  any 
change  In  state,  is  used  in  part  to  determine  if  control  actions  are  required. 


j 
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5.  THE  COORDINATION  AND  DECISION  CONDITIONING  NETWORKS 


Thirty-nine  simple  systems  were  defined  during  the  process  of  decomposing 
the  AAA  By  stem.  These  systems  are  the  nodes  in  the  networks  whloh  are  the  dtsorete 
control  model.  These  structures  organise  the  available  knowledge  about  the  AAA  sys¬ 
tem  and  the  dlsorete  control  tasks  required  for  its  operation.  The  objective  in  this 
section  Is  to  display  these  networks  and  examine  some  of  their  properties . 

Although  thirty-nine  Is  a  fairly  large  number  of  system  elements  to  oonslder  in 
a  model  of  this  type,  each  system  is  quite  simple.  No  system  has  more  than  seven 
states  and  most  have  only  two  or  three.  Furthermore,  it  will  be  argued  that  the  states 
occupied  by  these  systems  at  any  point  in  time  are  controlled  by  a  fairly  small  number 
of  decisions. 

Two  types  of  information  must  flow  through  the  network.  First,  constraint 
Information  or  direct  control  Information  and  second,  conditioning  or  Influence  infor¬ 
mation.  The  first  type  is  said  to  aotually  oause  specific  state  transitions  to  oobur  in 
other  systems.  Such  transitions  can  be  deterministic  in  that  a  specific  state  Is  oocupled 
after  the  transition,  or  they  can  be  non-determlnlstlc  in  which  oase  the  new  state  is 
required  only  to  be  a  member  of  a  specific  set.  Conditioning  Information  on  the  other 
hand  does  not  directly  constrain  behaviors.  Rather,  it  provides  information  to  a  given 
system  about  the  state  of  other  systems  and  this  Information  may  Influence  state  transi¬ 
tions  in  the  system  receiving  the  Information.  Any  state  transitions  which  take  plaoe 
In  thlB  case  are  the  result  of  a  dlsorete  control  decision  and  this  deolsion  Is  based  In 
part  on  the  conditioning  Information  In  force  at  the  time. 

Several  systems  are  controlled  both  by  external  systems  and  by  Internal  de¬ 
cisions,  depending  on  the  situation.  In  speolflo  situations  this  type  of  system’s  notions 
may  be  constrained  or  controlled  by  some  other  system  in  which  oase  it  is  dlreotly 
controlled.  But,  in  other  oases  suoh  constraints  are  relaxed  and  the  behaviors  of  the 
system  under  question  are  decision  controlled.  This  is  one  of  the  mechanisms  by  which 
overall  coordination  of  the  system  Is  aohieved  and  it  is  also  a  reason  for  structuring  the 
system  in  a  hierarchical  fashion. 

Figure  2  Is  a  network  diagram  whloh  shows  the  information  sources  and  the 
receiving  systems  in  the  control/coordination  network.  The  arcs  (links)  In  this  network 
should  be  thought  of  as  communication  channels  through  which  the  state  of  the  originat¬ 
ing  node  is  made  known  to  the  receiving  node.  The  state  transitions  whloh  oocur,  or 
whloh  are  enabled  to  occur,  in  the  receiving  system  are  functions  of  the  state  of  the 
originating  Bystem. 

Space  limitations  prevent  dlsplaytng-the  transition  graphs  of  each  system  in 
Figure  2.  The  Interested  reader  is  referred  to  fl].  The  general  form  of  these  diagrams 
is  shown  In  Figure  3,  whloh  is  the  graph  for  the  gun  directing  system.  The  elliptical 
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Figure  2 .  —Control/ Coordination  Network 
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Figure  3.--GUU  Directing  System  State  Transition  Diagram 


figures  represent  states  or  sets  of  states.  The  description  consists  of  the  numerical 
value  or  set  of  values  assigned  to  the  node.  State  transitions  are  represented  by  solid 
lines  connecting  states  and  the  input  conditions  which  cause  the  transition  to  take  place 
are  defined  by  the  bracketed  symbols  displayed  on  eaoh  transition  arc.  These  symbols 
define  logical  expressions  formed  from  the  possible  input  values  and  a  transition  oocurs 
when  the  appropriate  logical  expression  is  "true. "  To  explain  this  more  completely, 
any  time  the  value  of  an  input  variable  changes  an  event  is  said  to  ocour  and  this  event 
leads  to  a  state  transition  in  the  system  receiving  the  input.  The  transition  which  takes 
plaoe  depends  on  which  logioal  expression  is  true  at  the  time.  Some  nodes  do  not  dis¬ 
play  transitions  from  themselves  to  themselves.  These  correspond  to  oases  in  whloh 
any  input  event  will  produce  a  transition  out  of  the  node  in  question. 

The  primary  input  variable,  in  this  ones  tactics,  explains  transitions  on  the 
upper  parts  of  the  graph.  The  effect  of  secondary  and  other  inputs  is  shown  in  those 
parts  of  the  diagram  connected  to  the  primary  via  dashed  lines.  Secondary  inputs  are 
always  used  to  provide  a  more  detailed  explanation  of  information  in  the  primary 
diagram.  They  explain  which  state  or  states  of  the  many  allowed  under  the  primary 
condition  are  actually  ocoupled.  A  node  connected  to  a  primary  node  with  a  dashed 
line  (a  secondary  conditioning  vartabfe)  should  be  viewed  as  a  more  detailed  representa¬ 
tion  of  the  primary  node. 

Several  other  Important  properties  of  the  discret  control  model  can  be  Inferred 
from  the  ooordinatlon/control  network  and  the  corresponding  transition  graphs.  First 
of  all,  any  system  for  whloh  all  maximum  resolution  nodes  contain  single  states  (e.g. , 
the  gun  directing  system)  is  completely  controlled  by  external  'souroes.  These  systems 
for  the  most  part  are  the  lower  level  primitive  components.  The  seoond  class  of  sys¬ 
tems  is  that  for  whloh  one  or  more  maximum  resolution  nodeB  is  a  set  of  states.  Suoh 
systems  are,  at  least  under  some  circumstanoes,  partly  decision  controlled.  The 
third  major  class  of  systems,  which  with  one  exoeption  do  not  appear  on  Figure  2,  is 
event  controlled  systems.  These  are  the  information  and  feedback  systems  whloh 
interface  the  finite  state  systems  with  the  various  souroes  of  continuous  data.  Lists 
of  all  three  system  classes  are  given  in  Table  3. 

Of  the  systems  controlled  by  decisions,  seven  are  effectively  controlled  by 
external  decisions  in  the  sense  that  only  in  specific  oases,  usually  lndpendent  on  the 
taotlcs  state,  are  they  decision  controlled.  Of  these,  mode  switch,  automatio  oiroular 
scan,  antenna  horn  switch,  0°  lead  enable,  and  lead  enable,  oome  under  deolsion  control 
only  in  cases  in  which  their  state  is  of  no  consequence.  Generally,  no  state  change 
would  be  made  and  these  Bystems  would  remain  in  the  state  occupied  prior  to  the 
occurrence  of  the  event  which  placed  them  under  decision  control.  The  oomputer  shunt 
is  under  decision  control  only  when  the  tactlos  system  is  in  state  number  three.  In 
this  situation  the  firing  system  cannot  be  operated  unless  the  operator  places  the  shunt 
in  the  on  state.  Hence,  the  oomputer  shunt  in  actuality  is  constrained  to  be  in  state 
one  if  the  system  is  to  operate  in  these  circumstanoes.  The  ooolant  system  is  under 
decision  control  only  when  the  fire  control  network  is  in  the  looked  state.  The  ooolant 
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Table  3 


Breakdown  of  Systems  By  Type  of  Control 


Controlled  By 

Internal  Decisions 

Controlled  By 

External  Decisions 

Controlled  By 

Exogenous  Events 

Taoties 

Gun  Directing  System 

Tracking  Performance 

Engagement  Status 

Computer 

System  Performance 

Angle  Track  System 

Gun  Servo  Mode 

Ammunition  Balance 

Fire  Control  Network 

Data  Ready  Indloator 

Mission  Status 

Gun  Servo  Enabling  Net 

Display  in  Use 

Target  Position 

Radar  Antenna  Drive 

Radar  Mode 

Disturbance 

Mode  Switch"1 

Asimuth  Control 

■  .  ••  • 

Computer  Shunt"1 

Elevation  Control 

Coolant"1 

Sight  Filter 

Automatic  Clroular  Soan* 

Magnification 

Antenna  Horn  Switch" 

Lower  Barrel 

0°  Lead  Enable" 

Lead  Enable" 

Sight  System 

Gun  Configuration 

Sight  Selected 

Range  Control 

Upper  Barrel 

Firing  System 

Angle  Traok  Controls 

* 

"■Denotes  systems  which  are  effectively  external  decision  controlled. 
Bee  discussion  In  text. 
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state  will  not  influenoe  system  performance  until  the  fire  control  network  Is  unlooked, 
and  In  that  case  coolant  Is  controlled  from  the  fire  oontrol  network. 

If  the  above  systems  are  removed  from  the  list,  twelve  systems  remain  in  the 
deoislon  controlled  oolumn.  These  oan  easily  be  partitioned  In  terms  of  Importance. 

The  tactics  system  is  obviously  a  key  element.  It  interacts  with  ten  other 
Bystems  and  It  Is  the  key  element  in  establishing  the  system  configuration.  Engage¬ 
ment  status  Is  also  a  key  element  and  It  provides  Information  to  five  systems.  The 
angle  track  system,  fire  oontrol  network,  gun  servo  enabling  network  and  firing  system 
follow  In  terms  of  Impact  on  system  configuration  and  overall  performance.  The 
remaining  systems,  although  important,  provide  alternative  means  of  accomplishing 
the  same  tasks  and  they  probably  have  a  lesser  lmpaot  on  total  system  performance. 
The  deoislon  flexibility  In  the  radar  antenna  drive,  for  example,  1b  In  establishing  the 
speolflo  mode  of  automatic  search.  The  major  aotlvlty  would  be  defined  at  a  higher 
level. 


Some  general  observations  about  system  ooordtnatlon.eaa«bo  made  at  this 
point.  The  coordination  problem  faoed  by  the  AAA  team  members  might  be  defined 
roughly  as  follows:  to  direct  each  major  subsystem  Into  the  proper  state  for  eaoh 
phase  of  an  engagement.  What  Is  deemed  the  proper  state  will  depend  on  the  m  1b  a  Ion 
status,  resources  available  and  the  characteristics  of  the  target. 

The  network  described  above  dearly  illustrates  a  number  of  coordination  activi¬ 
ties.  Specifically,  the  selection  of  the  taotios  state  defines  some  major  parameters 
which  determine  the  configuration  of  the  system  and  also  the  way  In  whloh  the  traoklng 
phase  of  an  engagement  is  to  be  carried  out.  For  example.  If  the  taotios  system  Is 
placed  In  state  three,  the  system  Is  greatly  simplified  and  the  angle  operator  Is  re¬ 
sponsible  for  manually  finding  and  traoklng  any  targets.  The  radar  system,  range 
traoklng  system,  computer  and  most  of  the  displays  are  of  no  Interest.  The  communi¬ 
cation  of  taotios  Information  to  the  appropriate  system  elements  then  defines  the  set 
of  states  whloh  those  elements  oan  use  and  thereby  oonstrains  behaviors  to  be  con¬ 
sistent  with  the  objective  as  defined  by  the  tactics  system. 

The  seoond  point  which  should  be  made  about  coordination  concerns  the  engage¬ 
ment  status  system.  Whereas  tactics  determines  the  basio  system  structure  and 
establishes  what  activities  take  place,  enagement  status  provides  the  vehlole  for 
coordinating  the  time  phasing  of  these  activities.  In  rough  terms,  the  enagement  states 
define  what  each  system  should  be  engaged  In  at  a  given  time.  Engagement  status  is  the 
Bystem  through  whloh  the  foouB  of  control  ohanges  as  the  engagement  evolves.  During 
the  search  phase  the  foous  In  in  the  angle  traok  system  and  associated  subsystems.  The 
statUB  of  all  other  systems  is  of  very  little  oonoern  during  this  time.  During  manual 
traok  the  foous  Includes  the  angle  and  range  tracking  systems.  During  the  settling 
phase,  the  foous  of  oontrol  Is  switching  from  the  tracking  systems  to  the  gun  directing 
systems  and  fire  control  networks.  Once  the  valid  data  state  is  reached  the  foous  Is  In 
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the  fire  control  network  and  firing  systems.  During  this  phase  the  other  Bystem  com¬ 
ponents  are  Involved  primarily  in  monitoring  activities,  trying  to  determine  whether  or 
not  performance  Is  satisfactory. 

The  heterarohloal  nature  of  the  system  Is  quite  dear  given  the  above  perspec¬ 
tive.  Taotlos  sets  some  major  constraints  and  unless  a  change  Is  needed  control  flows 
to  engagement  status  whloh  In  some  sense  directs  oontrol  at  the  appropriate  time  to 
the  traoklng  systems,  gun  directing,  and  fire  control  systems.  A  given  system  retains 
oontrol  until  Its  task  is  complete  or  a  lower  or  high  level  system  Intervenes  and  takes 
oontrol  for  some  reason.  Vttien  a  given  system  Is  the  foous  of  oontrol,  the  various 
subsystem  whloh  define  It  are  aotlve,  The  ptrtee  of  these  subsystems  are  manipulated 
to  accomplish  the  task.  When  a  system  1:  not  the  foous  of  oontrol,  its  subsystems  are 
much  less  aotlve  and  generally  exhibit  no  state  ohange  behaviors. 

Errors  and  mistakes  oan  also  bt  described  In  terms  of  this  network.  The  above 
discussion  is  based  on  the  assumption  that  the  operator  or  operators  responsible  for 
a  speclfio  activity  were  In  faot  prepared  to  oarry  it  out.  If  oontrol  Is  given  to  a  parti¬ 
cular  system  and  the  operator  whom  this  system  represents  In  the  speolflo  situation 
falls  to  perform,  he  in  essence  has  failed  to  aocept  oontrol.  This  presumably  would 
be  detected  and  oorrected  at  some  point,  but  it  certainly  represents  a  deviation  from 
the  design  oondltlon  and  from  standard  prooedure. 

A  second  possible  souroe  of  error  exists  In  the  olass  of  systems  whloh  were 
oalled  effectively  decision  controlled.  Most  of  these  systems  have  a  nominal  or  pre¬ 
ferred  state  and  if  for  any  reason  the  system  state  Is  ohanged  during  a  period  In  whloh 
It  Is  lnaotive,  this  might  not  be  Immediately  deteoted  when  the  system  next  beoomes 
aotlve.  The  operators  would  have  to  deteot  a  problem  and  diagnose  the  souroe  before 
making  corrections  and  If  the  system  causing  the  problem  happens  to  be  one  whose 
state  Is  seldom  ohanged,  this  could  take  some  time. 

In  summary  then,  the  ooordlnatton/oontrol  network  shown  In  Figure  2  defines 
the  architecture  of  the  dloorete  control  system.  It  defines  what  Information  flows 
through  the  system,  how  activities  and  behaviors  are  enabled  and  disabled  and  they 
show  how  the  foous  of  oontrol  Is  passed  from  one  major  system  element  to  another. 
Furthermore,  possible  souroes  of  error  oan  be  Identified.  These  lnolude  the  failure 
of  an  operator  to  aooept  oontrol  when  It  1b  passed  to  him  and  failure  to  detect  an  Im¬ 
proper  system  state. 

From  Table  3  it  was  determined  that  the  Important  decision  controlled  systems 
are  the  following:  taotlos,  engagement  status,  angle  track  system,  fire  oontrol  network, 
firing  Bystem,  gun  servo  enabling  network,  sight  syBtem,  sight  seieoted,  range  control, 
angle  track  oontrols,  and  gun  configuration.  Of  these  several  oan  be  removed  from 
consideration  beoause  data  analysis  showed  that  the  Bubjeot  teams  did  not  use  the  avail- 
abl<  alternatives.  Taotlos,  for  example,  showed  almost  no  deolsion  aotlvtty  and  was 
set  at  emergency  mode  1  by  all  teams.  Gun  configuration  can  be  eliminated  because 
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all  decision  activity  was  routine  and  not  a  major  factor  In  resouroe  management.  Of 
the  remaining  systems,  the  overall  behavior  of  the  teams  can  be  desorlbed  In  terms  of 
four  systems:  engagement  status,  angle  track  system,  fire  oontrol  network  and  firing 
system. 

After  considerable  testing.  It  was  determined  that  the  Information  needed  to 
condition  engagement  status  decisions  is  provided  by  traok  performance.  Transition 
matriaea  and  time  summaries  for  teams  one  and  two  are  given  In  Tables  4  and  5.  As 
would  be  expected,  transitions  during  the  traok  OK  situation  are  basically  the  same  for 
both  teams.  Team  two,  however,  generally  shows  a  longer  time  in  state  than  team  one 
in  this  situation.  They  managed  to  stay  In  the  valid  data  state  for  about  800  time  frames 
which  Is  roughly  twice  as  long  as  team  one. 

Transition  patterns  during  the  no  target  phase  are  also  different.  Team  two 
preferred  to  go  Into  manual  traok  from  sear  oh  If  a  change  was  made.  Team  one,  on 
the  other  hand,  aotually  started  the  lead  anglo  oomputer  a  fair  number  of  times  in  the 
no  target  situation.  These  transitions,  however,  took  plaoe  after  about  100  seconds 
without  a  target  (3000  frames)  and,  therefore,  they  may  correspond  to  oases  in  whloh 
the  target  was  not  deteoted. 

The  matrices  for  the  angles  looked  case  also  show  team  one's  reluotance  to  use 
manual  traok  and  a  preference  for  transitioning  from  searoh  directly  to  the  settling 
state,  state  three.  In  other  words,  they  preferred  to  try  the  oomputer  even  though 
traoklng  errors  were  large.  The  entries  In  row  three  show  the  same  tendencies. 

Angle  track  system  activity  as  a  function  of  traoklng  performance  Is  given  In 
Tables  0  and  7.  Both  teams  In  the  no  target  situation  show  a  preference  for  the 
radar-auto  state,  state  one.  Apparently  searoh  was  aooompltshed  with  the  radar 
system  In  an  automatlo  mode  (seotor  searoh).  Most  transitions  from  state  one  were  to 
state  two,  the  radar-manual  state.  This  transition  signals  the  start  of  manual  searoh. 
Transitions  from  state  two  In  the  no  target  situation  were  most  often  to  the  optios- 
manual  state  for  team  one  whloh  means  they  were  almost  always  making  a  display 
ohange,  probably  In  an  attempt  to  find  the  target.  It  is  interesting  to  note  that  both 
teams  almost  always  (probability  .879)  transitioned  from  state  two  to  state  4,  optics 
manual,  in  both  the  angles  looked  and  the  range  looked  oases.  They  both  also  showed 
a  high  probability  of  exiting  the  radar-auto  state.  These  imply  a  very  strong  preference 
to  complete  the  target  acquisition  phase  using  the  optloal  sighting  system.  Further¬ 
more,  almost  all  transitions  from  state  four  were  to  state  two  In  the  cases  where  angle 
error  and/or  range  error  were  locked.  This  means  that  the  aotlvity  during  manual 
acquisition  of  the  target  consisted  of  display  changes.  The  traok  OK  matrices  show  the 
very  definite  tendencies  to  get  into  auto  traok  and  use  the  optical  display  system. 

The  conditioning  variables  for  the  fire  control  network  are  the  angle  traok 
system  and  the  engagement  status.  Nearly  all  team  two  aotlvity  took  plaoe  In  engage¬ 
ment  status  states  one  or  four  (whloh  are  search  and  valid  data)  and  angle  track  system 
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Table  4 A 


Team  1 

Engagement  Status  Transition  Matrloes 


Track  Transition  Transition 


Performance 

Matrix 

Count 

0.000 

0.407 

0.584 

0.009 

113 

1 

0.924 

0.000 

0.076 

0.000 

131 

(No  Target) 

0.615 

0.038 

0.000 

0.346 

78 

_0.907 

0.093 

0.000 

0.000_ 

97 

2 

“o.ooo 

0.295 

0.705 

o.ooo" 

88 

(Angle  Error 

0.000 

0.000 

0.000 

0.000 

0 

Looked) 

0.900 

0.000 

0.000 

0.100 

40 

0.800 

0.700 

0.000 

0.000 

5 

3 

0.000 

0.630 

0.470 

o.ooo- 

215 

(Angles  QK. 

0.722 

0.000 

0.278 

0.000 

72 

Hange  Looked) 

0.000 

0.000 

0.000 

0.000 

0 

0.000 

0.000 

0.000 

0.000 

0 

“o.ooo 

0.000 

1.000 

o.oool 

128 

4 

0.000 

0.000 

1.000 

0.000 

26 

(Track  OK) 

0.081 

0.003 

0.000 

0.916 

208 

0.873 

0.127 

O.ObO 

0.000 

197 

134 


Table  4B 


Team  1 

Engagement  Statue  Time  In  State  Data 


Track 

Performance  Transition 

v 


Avg.  Condition 
Time  (FrameB) 


Standard 


Dev. 


Coun 


1 


1-2 


816 


1181 


46 


Table  5A 


I 


! 


Team  2 

Engagement  Status  Transition  Matrices 


Track 


Transition 


Transition 


Performance 


Matrix 


Count 


0.000 

0.892 

0.108 

0.000 

93 

0.958 

0.000 

0.042 

0.000 

261 

0.455 

0.364 

0.000 

0.182 

11 

0.667 

•I 

0.167 

0.166 

0.000 

■i 

6 

0.000 

0.950 

0.027 

0.018" 

111 

0.000 

0.000 

0.000 

0.000 

0 

0.250 

0.750 

0.000 

0.000 

4 

1.000 

NTI 

0.000 

0.000 

0.000 

3 

*o. ooo 

0.805 

0.177 

0.018“ 

169 

0.738 

0.000 

0.250 

0.012 

84 

0.000 

0.000 

0.000 

0.000 

0 

_1. 000 

0.000 

0.000 

0.000 

«p 

3 

"o.ooo 

0.000 

1.000 

o.ooo" 

152 

0.045 

0.000 

0.955 

0.000 

22 

0.033 

0.000 

0.000 

0.967 

241 

0.830 

0.157 

0.013 

0.000 

223 

i 


136 
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Table  5B 


Team  2 

Engagement  Status  Time  In  State  Data 


Track 

Performance 

Transitions 

Avg.  Condition 
Time  (Frames) 

Standard 

Dev. 

Count 

1 

1-2 

804 

1132 

83 

1 

1-3 

3978 

2151 

10 

1 

2-1 

518 

625 

260 

2 

1-2 

2567 

3245 

106 

3 

1-2 

2680 

3035 

136 

3 

1-3 

5076 

4864 

30 

3 

2-1 

425 

373 

62 

3 

2-3 

835 

457 

21 

4 

1-3 

5121 

4604 

162 

4 

2-3 

779 

644 

21 

4 

3-4 

101 

0 

233 

4 

4-1 

809 

296 

185 

4 

4-1 

80V 

267 

36 

Table  6 


Tracking 

Performance 


Team  1 

Angle  Track  System  Transition  Matrloes 


Transition 

Matrix 


0.6810 


0.0000 

0.0210 

0.0630 

0.0000 


0.0000 

0.0160 

0.0000 

0.0000 


0.0000 

0.8460 

0.7730 

0.0000 


0.812 

0.000 

0.000 

0.838 


1.000 

0.000 

0.000 

0.927 


0.261 

0.000 

0.014 

0.064 


0.2840 

0.0005 

0.0000 

0.0550 


0.1730 

0.0000 

0.0000 

0.1610 


0.0000 

0.0000 

0.0000 

0.0730 


0.7370 

0.0000 

0.0000 

0.9360 


0.0000 

0.9790 

0.9470 

0.0000 


0.0000 

0.9840 

0.0000 

0.0000 


0.0020 
0. 1540 
0.2130 
0.0000 


Transition 

Count 


Table  7 
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Team  2 

Angle  Traok  System  Transition  Matrices 


Tracking  Transition  Transition 


Performance 

Matrix 

Count 

1 

0.000 

0.627 

0.372 

0.001 

825 

0.594 

0.000 

0.000 

0.406 

1093 

0.744 

0.000 

0.000 

0.256 

391 

_0. 000 

0.957 

0.043 

0. 000_ 

507 

2 

" 0.000 

0.912 

0.088 

o.ooo" 

34 

0.021 

0.000 

0.000 

0.979 

188 

0.333 

0.000 

0.000 

0.667 

9 

0.000 

0.973 

0.027 

0.Q00_ 

111 

“1 

3 

0.000 

1.000 

0.000 

0.000 

17 

0.033 

0.000 

0.000 

0.967 

546 

0.000 

0.000 

0.000 

0-000 

0 

0.000 

0.936 

0.064 

0.000_ 

516 

4 

0.000 

0.437 

0.560 

0.003 

359 

0.883 

0.000 

0.000 

0.167 

18 

0.784 

0.114 

0.000 

0.102 

324 

0.000 

0.031 

0.969 

0.000 

163 

I 
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states  three  or  fou-  (optlos-auto  and  optics-manual).  That  is,  team  two  almost  always 
used  the  optics  when  firing.  Team  one  showed  an  unexpected  amount  of  activity  with 
the  angle  track  system  in  the  radar-auto  state.  This  suggests  that  they  may  have  on 
occasion  prepared  to  fire  before  switching  to  the  optical  sighting  system. 

i 

The  oondltion  variables  for  the  fii  ing  system  are  the  fire  control  network  and 
engagement  status.  One  interesting  item  was  observed  from  the  firing  system  analysis.  j 

Team  one  had  a  tendency  when  manually  traoking  (engagement  status  one)  to  try  to  fire 
the  guns  without  first  putting  the  fire  oontrol  network  into  the  fire  enabled  state.  It 
appears  that  when  involved  with  the  tracking  activities  they  sometimes  forgot  how  the  \ 

system  worked  and  deviated  from  the  standard  procedures .  Team  two  did  not  have  this  j 

problem.  1 

] 

The  decision  conditioning  network  Is  the  scheme  by  whioh  the  conditioning  which  j 

was  used  in  the  above  analysis  is  best  described.  This  network  which  was  empirically  j 

derived  Is  shown  in  Figure  4.  Essentially,  traoking  performance  influences  deoiBlonn 
made  in  the  angle  track  and  engagement  status  systems.  Engagement  status  then  in¬ 
fluences  the  activities  of  the  firing  system  and  the  fire  oontrol  network  as  well  as  some  j 

of  the  lesser  systems.  Those  systems  shown  in  Figure  4  whioh  are  not  connected  to  1 

any  other  system  are  those  systems  which  wore  either  routinlzed  or  showed  little 
activity.  This  simple  network  localizes  essentially  all  of  the  deolslon  making  aotlvlty  { 

which  was  shown  In  tho  data.  The  conjunction  of  this  network  and  the  coordination/  ) 

oontrol  network  shown  in  Figure  2,  together  with  the  appropriate  state  transition  j 

graphs,  are  the  discrete  oontrol  model  obtained  from  an  analysis  of  the  system  and  a 
comprehensive  analysis  of  the  data.  ! 


Figure  4.— Decision  Conditioning  Network. 
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6.  CONCLUSIONS 


Based  on  the  analysis  It  Is  fairly  easy  to  construct  a  scenario  of  the  way  In  which 
the  subject  teams  performed  their  tasks.  First  of  all,  search  for  targets  was  generally 
accomplished  using  the  automatic  seotor  search  mode  and  the  primary  display  was  the 
PPI  radar  soreen.  In  oases  where  the  target  was  slow  to  appear  some  teams  might 
occasionally  switch  to  the  left  optics  sighting  system  and  less  often  to  the  right  optical 
system.  As  soon  as  the  target  appeared  the  angle  operator  would  switch  to  the  left 
optios  system  and  swltoh  from  the  radar  driven  search  mode  to  a  manual  mode  for 
acquisition.  During  this  period  the  range  operator  was  switching  his  oontrol  baok  and 
forth  between  the  coarse  and  fine  setting.  The  oommander  was  resetting  the  gun  servo 
enabling  system  to  state  three  and  thereby  moving  the  gun  directing  system  from  standby 
to  0°  lead  tracking.  Also  during  the  acquisition  phase  and  the  early  phases  of  tracking 
the  angle  operator  determined  which  of  the  four  trajectories  the  current  target  was 
following.  This  determined  in  part  the  strategy  that  he  then  followed. 

Once  the  target  was  acquired  the  system  was  either  put  Into  auto  traok  or,  If 
the  trajeotory  was  particularly  easy,  tracking  often  continued  in  a  manual  mode.  Team 
two  used  manual  traoklng  for  the  most  difficult  highly  maneuvering  target  as  well,  if 
manual  traoklng  was  used,  firing  started  within  about  20  seconds  of  acquisition  (i.e. , 
when  the  target  came  within  range).  In  cases  where  auto  track  was  used,  firing  started 
shortly  after  the  fire  control  solution  was  aohteved.  Easy  targets  were  disengaged  after 
a  few  hits.  The  gun  directing  system  was  then  generally  disabled  for  a  few  seoonds 
after  the  target  disappeared  from  the  screen.  The  angle  traok  system  was  then  recon¬ 
figured  for  search  and  the  oyole  started  again. 

Several  Interesting  observations  can  be  made  about  the  performance  of  the 
teams.  Team  one  had  some  problems  with  the  fire  control  network  interlocks  when 
they  used  manual  tracking.  They  forgot  to  enable  firing  before  trying  to  fire.  The 
other  teams  had  no  problem  and  team  one  had  no  problem  in  the  automatic  traoklng 
oases.  Team  one  may  have  become  so  Involved  In  performing  the  tracking  task  that 
they  forgot  how  the  system  worked.  There  were  other  pieoeB  of  evidenoe  which  showed 
that  the  teams  Infrequently  made  incorrect  switch  settings  or  failed  to  reconfigure  the 
system  qulokly  enough. 

It  was  a  surprise  that  no  team  used  the  six  power  optical  system  very  much  for 
tracking.  Apparently  the  feedback  provided  by  tracers  reduoed  the  need  for  precise 
visual  information.  It  definitely  seems  that  a  style  of  traoklng  was  used  in  this  experi¬ 
ment  which  differed  qualitatively  from  that  used  In  simple  tracking  studies. 

In  general  termB  the  commander's  tasks  were  very  trivial.  Teams  obviously 
learned  the  limited  number  of  trajectories  which  were  used  and  they  keyed  their  aotions 
to  the  trajeotory.  The  attempt  to  introduce  uncertainty  via  the  disturbances  or  simulated 
countermeasures  did  not  seem  to  have  much  Impact.  They  may  have  delayed  the  start 
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of  auto  track  for  example,  but  they  did  not  alter  the  basic  patterns  of  behavior  as 
represented  by  the  various  transition  matrices  of  the  discrete  control  model.  The 
fact  that  every  mission  contained  exactly  the  samo  number  of  trajectories  greatly 
simplified  ammunition  management.  The  subject  teams  knew  that  they  oould  and 
should  go  after  all  targets.  They  did  not  have  to  be  selective  or  evaluate  the  threat 
potential  of  any  target.  There  was  certainly  no  risk  associated  with  missing  one  and 
there  was  no  significant  scoring  penalty. 

The  model  which  seems  to  best  capture  the  various  teams'  performance  Is 
really  a  set  of  finite  state  systems  organized  Into  two  networks,  the  coordination/ 
control  network  (Figure  2)  and  the  decision  conditioning  network  (Figure  4).  The 
systoms  included  In  these  networks  were  established  through  a  detailed  analysis  of 
the  AAA  system,  Its  functions,  and  the  tasks  of  the  operators.  By  decomposing  along 
several  structural  dimensions,  and  particularly  by  analyzing  at  several  levels  of 
abstraction,  an  effective  and  useful  representation  of  the  discrete  control  system  was 
obtained. 

In  general  terms  this  representation  is  a  model  of  an  organizational  structure 
which  the  operators  might  use  to  reduce  the  apparent  complexity  of  their  task  and 
generally  achieve  coordinated  actions  and  acceptable  performance.  It  1b  really  JuBt  a 
structured  representation  of  the  available  knowledge  of  the  system  and  Its  functions. 

The  coordination/control  network  is  basioally  hierarchical  and  reflects  the 
constraints  on  lower  level  decision  making  activity  imposed  •  y  upper  level  decisions. 

In  the  terms  of  the  finite  state  systems  representation,  state  transitions  In  lower  level 
systems  are  disabled,  enabled  or  constrained  as  a  function  of  the  state  of  upper  level 
systems.  The  deolsion  conditioning  network  establishes  the  information  flow  patterns 
whloh  are  needed  to  explain,  at  least  in  part,  the  deolslons  which  are  made  (i.e. ,  the 
state  transitions  whloh  take  plaoe).  The  systems  In  the  deolsion  network  are  repre¬ 
sented  by  generalized  Btoohastlo  automata  In  whloh  state  transitions  are  conditioned  by 
the  information  flowing  Into  the  system  from  other  nodes  in  the  network.  The  two  net¬ 
works  In  conjunction  form  a  heterarchical  system  description  In  whloh  decision  making 
aotlvlty  flows  from  one  functional  area  to  another  as  a  function  of  the  established  con¬ 
straints  and  the  environmental  situation. 

In  general  terms  then,  the  discrete  oontrol  methods  so  far  developed  seem  to 
have  potential.  They  can  be  used  to  make  sense  out  of  complex  systems  and  Identify 
the  key  deolsion  points.  They  can  describe  quite  oomplex  behaviors  in  terms  of  a 
relatively  small  number  of  deolslons.  The  structure  of  the  model  Is  quite  easy  to 
understand  and  the  Individual  finite  state  systems  are  all  simple  and  Intuitive.  Grasp¬ 
ing  the  overall  view;  l.e. ,  all  levels  simultaneously,  is  more  difficult  and  amount  of 
statistical  Information  whloh  can  be  produoed  is  overwhelming.  These  problems  are 
minimized,  however,  If  one  restricts  attention  to  only  the  one  or  two  levels  whloh  are 
most  Important  for  a  given  question. 
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ABSTRACT 


This  paper  summarizes  the  first  few  months  of  activity  in  the 
National  Science  Foundation  supported  computer  teleconference  on  mental 
workload,  and  the  plans  to  produce  on  a  trial  basis  an  "electronic 
journal"  papers  for  which  will  be  written,  edited,  refereed,  revised, 
and  commented  upon  by  the  Interested  community  entirely  over  computer 
terminals.  Issues  which  seem  to  be  of  primary  concern  in  the  "mental 
workload  field"  will  be  mentioned,  along  with  problems  of  running  a 
computer-based  teleconference  cum  journal  on  such  as  outlandish  topic. 


144 


SESSION  2;  CONSIDERATIONS  FOR  MAN - IN -THE-LOOP  SIMULATIONS 
Moderator)  Dr.  Sheldon  Baron,  Bolt  Beranek  and  Newman 


THE  EFFECTS  OF  SIMULATION  FIDELITY  ON  AIR-TO-AIR  TRACKING 
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NASA  Langley  Research  Center 
Hampton,  Virginia 


ABSTRACT 


NASA  Langley  recently  sponsored  development  of  an  analytic 
model  of  the  LaRC  real-time  digital  simulation  facility  which 
incorporates  the  optimal  oontrol  model  for  the  human  pilot.  In 
order  to  use  the  model  to  evaluate  simulator  design  tradeoffs,  an 
ln-simulator  experiment  was  conducted  to  provide  validation  data 
for  the  "system  model."  The  results  of  the  in-simulator  experi¬ 
ment  and  the  system  model  predictions  show  a  significant  effect  on 
pilot  performance  for  the  five  simulation  factors  studied  (i.e., 
integration  algorithm,  control  loader  bandwidth,  g-seat  cueing, 
computer  Iteration  rate,  and  visual  time  delay). 


THE  EFFECTS  OF  SIMULATION  FIDELITY  ON  AIR-TO-AIR  TRACKING 


Numerous  tradeoffs  between  simulation  fidelity  and  complexity 
(cost)  must  be  made  in  the  development  of  engineering  requirements 
for  man-ln-the-loop  simulation.  NASA-Langley  recently  sponsored 
development  of  an  analytic  model  (ref.  1)  of  the  LaRC  real-time 
digital  simulation  facility  which  incorporates  a  model  for  the 
human  pilot  (namely,  the  optimal  control  model).  This  total 
closed-loop  model  allows  simulator  design  tradeoffs  to  be 
quantitatively  evaluated. 

In  order  to  provide  validation  data  for  this  model,  an 
experiment  was  conducted  in  LaRC's  Differential  Maneuvering 
Simulator  (DMS)  to  examine  several  "simulation  fidelity"  factors. 
Initially  five  factors  were  chosen  to  be  examined  in  a  pilot-ln- 
the-loop  tracking  task.  The  factors  chosen  were:  Computer 
iteration  rate  (16  and  32  iterations  per  seoond);  integration 
algorithm  (Euler  and  Adams-Bashforth) ;  visual  time  delay  (68  milli¬ 
seconds  and  12  milliseoonds ) }  oontrol  loader  mechanization 
(digital  or  analog  loop  closures)}  and  g-seat  cueing  (off  or  on). 
The  iteration  rates  and  integration  algorithms  are  representative 
of  those  used  in  numerous  simulation  facilities.  The  values  chosen 
for  visual  time  delay,  oontrol  loader  mechanization,  and  g-seat 
cueing  represent  those  available  in  the  DMS  for  the  model 
validation. 
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FACILITY  DESCRIPTION 


l 


The  DMS  (fig.  1)  is  a  wide-angle  visual  simulator  which  allows 
one-on-one  aircraft  interactions.  The  servos  involved  in  projecting 
the  visual  soene  for  the  pilots  all  have  a  matched  second-order 
response  with  a  56  millisecond  steady-state  time  delay.  The  cockpits 
are  also  equipped  with  wide  FOV  HUD’s  (25°  x  35°)  whioh  present  a 
computer-generated  image  to  the  pilot.  The  fixed-base  cockpits 
are  equipped  with  programmable,  hydraulically  actuated  control 
loader  systems,  a  g-seat,  a  helmet  loader,  and  a  g-suit  drive  to 
provide  some  motion  induoed  forces  for  the  pilot.  For  more 
oomplete  information,  see  Reference  2. 

In  order  to  obtain  the  low  visual  delay,  the  target  image  and  | 

horizon  line  were  presented  to  the  pilot  on  the  HUD  (fig.  2).  The 
visual  delay  of  the  HUD  symbology  is  12  milliseconds}  therefore  a 
25  rad/sec,  seoond-order  filter  with  a  56  milliseoond  steady-state  | 

time  delay  was  added  to  the  display  to  obtain  a  response  represents-  ] 
tive  of  the  normal  projection  servos.  J 

The  cockpit  control  loader  has  been  modified  to  allow  analog 
loop  closures  as  well  as  the  more  conventional  digital  foroe  feed-  ? 

back.  For  Information  on  the  controller  bandwidth  reduction  due  \ 

to  digital-loop  closures,  see  Reference  3.  The  g-seat  presents  j 

the  normal  acceleration  cues  to  the  pilot  through  the  seat 
pressures  (refs.  4  and  5).  The  aircraft  dynamics  programmed  for 
this  particular  experiment  represent  a  linearized  version  of  the  j 

F-8  aircraft  with  capability  for  single  or  dual  axis  tracking  with  ] 

fixed  range  (ref.  1).  j 


STATISTICAL  ANALYSES  AND  EXPERIMENTAL  DESIGN 


Experimental  Task  | 

A  single  axis  compensatory  pitch  tracking  task  was  used  for  j 

the  experiment.  A  block  diagram  of  the  task  is  presented  In  j 

Figure  3.  A  sum  of  13  sinusoids  with  a  fixed  set  of  amplitudes  : 

and  frequencies  but  randomly  chosen  phases  (between  -l8o°  and 
+180°)  was  used  to  drive  the  vertical  degree  of  freedom  of  the 
target  aircraft.  The  phases  were  randomly  chosen  so  that  the  test 
subjects  would  not  learn  the  movements  of  the  target.  Table  I 
presents  the  amplitudes  and  frequencies  in  the  sum  of  sine  waves. 

For  the  experiment,  the  target  and  pursuit  aircraft  were  limited  \ 

to  the  longitudinal  degree  of  freedom  only.  Therefore,  neither 
aircraft  could  roll,  yaw,  or  change  throttle  controls  (range). 

Both  airoraft  were  trimmed  about  level  flight  at  an  altitude  of 

6,096  meters  (20,000  ft)  with  a  constant  speed  of  325  knots  and 

a  range  of  182.88  meters.  The  pursuit  aircraft  used  a  standard  : 

backup  reticle  for  the  tracking  reference.  In  order  to  "track" 

the  target,  the  pursuit  aircraft  was  required  to  keep  the  tail  of  h 

the  target  in  the  center  of  the  reticle.  I 
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Experimental  Design 

The  factors  of  the  design  are  denoted  as  follows: 

(A)  integration  schemes  (Euler  or  Adams-Bashforth) ,  (B)  control 
loading  (digital  or  analog),  (C)  g-seat  (off  or  on).  (D)  Integration 
step  size  (16  per  second  or  32  per  second),  and  (E)  visual  delay 
(68  milliseconds  or  12  mllliseoonds) .  The  total  number  of  simulation 

conditions  for  the  2^  factorial  design  would  be  32.  When  the  number 
of  test  subjects  (8)  and  the  number  of  replicates  (at  least  5)  are 
taken  into  consideration  one  ends  up  with  1280  as  a  minimum  number 

of  simulation  runs.  Since  this  number  of  runs  would  be  too 
e 

expensive,  the  2J  factorial  design  was  fractionated  and  blocked. 
Figure  4  is  a  tree  diagram  of  the  experimental  design  chosen.  First, 
the  highest  order  interaction,  ABODE,  was  used  to  fractionate  the 

2J  factorial  in  half.  One-half  of  the  23  factorial  or  2  conditions 
were  not  used.  Next,  the  DE  interaction  was  used  to  block  the  half 
that  was  used  into  two  parts.  Then,  the  CD  and  BE  interactions 
were  used  to  block  the  two  parts  into  four  parts  each  containing 

22  conditions.  Finally,  two  test  subjects  (pilots)  were  assigned 
to  each  block.  This  design  reduoed  the  number  of  simulation  runs 
from  1280  to  160. 

It  should  be  noted  that  the  interaction  terms  selected  for 
aliasing  through  the  fraotionalization  and  blocking  process  were 
chosen  based  on  predictions  of  non-significance  from  either 
system  model  results  or  prior  in-simulator  results. 


Test  Subjeots  and  Procedure 

Eight  aotive  F-106  pilots,  stationed  at  Langley  Air  Force  Base, 
were  used  as  test  subjeots.  None  of  these  pilots  had  previous 
experience  in  a  research  simulator  like  the  DM3.  The  pilots  were 
randomly  assigned  to  a  block.  The  conditions  inside  each  blook 
were  randomly  chosen  to  determine  the  order  in  which  the  conditions 
would  be  performed. 

A  data  collection  period  for  each  simulation  condition  took 
about  3  minutes  per  run.  The  first  20  seoonds  were  used  to  phase 
in  the  sum  of  sines  disturbance.  The  next  *40  seconds  were  used  for 
pilot  stabilization  and  the  final  2  minutes  were  used  for  data 
collection.  In  order  to  encourage  the  pilots  to  do  their  best, 
their  RMS  vertical  tracking  error  was  given  to  them  after  each 
simulation  run. 

Simulation  sessions  are  usually  allotted  in  3-hour  slots  at 
LaRC's  simulation  facility.  Previous  experience  suggested  that 
15  runs  of  the  compensatory  tracking  task  was  about  the  maximum 
number  of  runs  that  could  be  made  before  the  pilot’s  performance 
started  to  deteriorate  because  of  fatigue.  The  majority  of  the 
15  runs  were  taken  up  by  the  pilots'  learning  of  the  taBk. 
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Therefore,  it  was  felt  that  two  pilots  could  perform  the  experiment 
per  simulation  session,  or  one  pilot  could  perform  two  different 
conditions  (with  proper  rest  between  the  first  and  second 
performance)  during  one  simulation  session.  Normally,  a  pilot 
would  "fly"  the  simulator  with  a  randomly  chosen  condition  until 
the  RMS  of  his  vertical  error  "asymptoted. "  Generally,  this  took 
from  5  to  10  replicates.  Once  his  vertical  error  has  asymptoted, 
the  pilot  would  do  five  more  replicates  that  were  used  as  data. 

Each  pilot  was  tested  at  four  different  conditions.  Since  two 
pilots  were  assigned  to  each  block  (fig.  4),  two  pilotB  would  be 
running  the  same  four  conditions.  To  further  eliminate  any 
learning/ fatigue  effects,  the  pilots  within  a  block  flew  the 
conditions  in  reverse  order. 


Performance  Measures 


The  RMS  of  the  vertical  height  error,  pitch  Euler  angle, 
normal  acceleration,  and  pilot  stick  deflection  were  computed  as 
measures  of  traoking  performance.  Also,  the  pilot  describing 
function  (pdf)  was  computed  as  a  measure  of  performance.  The 
method  used  to  compute  the  pilot  describing  function  is  documented 
in  Reference  6. 


Statistical  Analyses 

Three  types  of  analyses  were  made — analyses  of  variance, 
Student’s  t-tests,  and  P-tests  (homogenuity  of  variance  tests). 

The  analyses  of  variance  were  performed  on  the  RMS  data  and  the 
amplitude  ratios,  phases,  and  remnants  of  the  pdf’s  at  each  of  the 
13  frequencies  of  the  sum  of  sinusoids.  The  t-test's  and  P-tests 
were  performed  respectively  on  the  means  and  variances  of  the 
RMS  data. 


RESULTS 

The  RMS  of  the  vertical  tracking  error  was  chosen  as  the 
primary  performance  measure.  The  means  and  standard  deviations  of 
the  RMS  tracking  error  for  each  level  of  each  of  the  five  factors 
(averaged  over  the  other  four  factors,  n  ■  80)  are  shown  in 
Figure  5.  The  probabilities  beside  the  higher  of  the  two  means 
for  each  factor  represent  the  significance  levels  of  a  t-test  on 
these  means.  The  probabilities  listed  beside  the  +o  points  represent 
the  significance  levels  of  an  F-test  on  the  variances  of  each  factor. 
The  probabilities  of  1.00  occur  because  of  round  off  errors 
(0.99999  or  greater)  in  the  computer  subroutine  used  to  perform  the 
statistical  tests.  The  N.S.'s  in  the  figure  mean  "not  significant." 
It  Is  easily  seen  from  Figure  5  that  the  RMS  tracking  error  is 
reduced  by  using  AB-2  integration  or  32  iterations  per  second  or 
no  visual  delay  (both  mean  and  variance  reductions  are  significant), 
or  g-seat  on  or  analog  control  loading  (mean  reductions,  though 
not  significant). 
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Table  II  presents  the  results  of  an  analysis  of  variance  for 
the  five  main  factors  on  the  raw  RMS  data  of  tracking  error,  as  well 
as  RMS  of  pitch  (0),  RMS  of  normal  acceleration  (Nz),  and  RMS  of 

pilot  stick  deflection  for  pitch  control.  The  results  show  that 
the  reduction  in  mean  tracking  error  is  statistically  significant 
at  the  99  percent  level  for  integration  algorithm,  iteration  rates, 
g-seat  cueing,  and  visual  delay.  Control  loader  is  significant  at 
the  90  percent  level.  Other  RMS  errors  are  also  significantly 
affected  by  the  various  fidelity  factors. 

The  pilot’s  linear  transfer  funotion  (pilot  describing 
function)  for  each  faotor  was  also  used  as  a  measure  of  performance. 
The  describing  functions  for  the  two  levels  of  iteration  rate  are 
given  in  Figure  6  (averaged  across  each  level  of  the  other  four 
factors,  n  -  80).  The  pilot  describing  function  (pdf)  was  computed 
at  the  13  sum  of  sine  input  frequencies  and  an  analysis  of  varianoe 
was  performed  on  the  raw  pdf  data  at  each  frequency.  These  results 
are  shown  in  Tables  III,  IV,  and  V  for  the  gain,  phase,  and 
remnant,  respectively.  All  factors  show  a  significant  difference  in 
gain  for  the  lower  frequencies.  In  addition,  the  three  stronger 
factors  (Integration  scheme,  Iteration  rate,  and  visual  delay)  show 
significant  differences  at  higher  frequencies.  There  is  also 
scattered  but  significant  difference  in  phase  for  the  stronger 
factors  in  the  low  and  middle  range  of  frequencies.  The  remnant 
is  significantly  different  for  integration  scheme  in  the  low  and 
middle  frequencies,  for  control  loading  and  visual  delay  in  the 
higher  frequencies,  and  across  all  frequencies  for  iteration  rate. 

The  data  in  the  tables  can  be  viewed  in  terms  of  the  plot  of 
pdf  as  shown  in  Figure  6.  The  differences  in  the  pilot  gains  for 
the  two  curves  (.16  and  32  iterations  per  second)  show  the  low 
frequency  differences  that  are  listed  as  statistically  significant 
in  Table  III.  The  fact  that  the  pilot  gain  is  higher  for  the 
"better"  condition  (32  iterations  per  second)  is  true  for  all 
cases;  therefore,  any  significant  difference  listed  in  Table  III 
implies  significantly  higher  pilot  gain  for  the  better  of  the  two 
levels  of  the  effect.  The  data  trends  for  phase  and  remnant  are 
inconsistent  across  the  better/worse  conditions,  with  reversals 
occurring  from  frequency  region  to  region. 

MODEL  COMPARISON 

The  untuned  pilot  model  was  Initially  used  to  look  at  the 
effects  due  to  visual  delay  (E),  integration  algorithm  (A), 

Iteration  rate  (D),  and  control  loader  loop  closure  (B),  These 
initial  results  showed  significant  differences  in  RMS  tracking 
error  for  each  factor,  with  A,  D,  and  E  being  the  strongest, 
respectively,  A  worst  (Euler  integration,  Id  iterations  per 
second,  and  56  milliseconds  time  delay)  versus  best  (AB,  32, 

12  milliseconds)  case  was  defined  for  the  three  strongest  effects 
(A,  D,  E). 
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These  pre-experiment  results  are  shown  In  Figure  7  along  with 
similar  results  from  the  in-simulator  experiment.  Although  the 
case  differences  of  the  "untuned"  model  were  not  as  strong  as  the 
eventual  simulator  results,  the  trends  are  correct  and  do  show  a 
significant  difference  in  the  RMS  tracking  for  the  two  caseB. 

The  data  in  Table  VI  were  generated  from  "tuned"  model  runs 

for  each  of  the  2^  combinations  of  fidelity  faotors  (Factor  B  was 
averaged  out  for  the  best/worst  comparisons).  For  example,  the 
Euler  mean  was  obtained  by  averaging  over  the  eight  runs  that 
used  Euler  integration. 

The  earlier  trend  of  the  model  being  somewhat  optimistic  in 
the  "worst"  conditions  is  continued  with  the  "tuned"  model  as  shown 
in  the  first  column,  Table  VI.  However,  when  the  observation  noise/ 
signal  ratio  was  changed  from  -17  db  to  -11  db  (for  the  Euler 
integration  case  at  Id  Hz  sample  rate  only)  as  shown  in  the  second 
column  of  the  table,  the  match  with  the  experimental  data  is  much 
closer.  A  plot  of  this  final  match  is  shown  in  Figure  8. 


CONCLUSIONS 


The  five  simulation  faotorB  Identified  and  studied  each  had  a 
significant  effeot  on  pilot  performance  in  a  simulated  air-to-air 
tracking  task.  The  pilot  performance  measures  showed  signifioantly 
better  performance  for  Adams-Bashforth  second-order  integration,  a 
32  iteration  per  second  sample  rate,  and  a  12  millisecond  total 
visual  delay.  Q-seat  oueing  and  analog  control  loader  feedback 
also  showed  significantly  lower  errors  from  the  analysis  of  variance 
results.  The  pilot  describing  function  data  revealed  a  higher 
pilot  gain  for  all  five  of  the  factors  at  these  "better"  conditions. 

These  general  results,  with  the  exception  of  g-seat  cueing, 
were  predicted  by  the  system  model,  as  reported  last  year  in 
Reference  1.  The  experimental  data  were  more  sensitive  to  the 
worse  level  of  each  factor  than  the  original  "untuned"  model  had 
shown.  However,  running  the  system  model  under  the  same  conditions 
as  the  experiment  and  changing  the  observation  noise  for  Euler 
integration  at  16  Hz  gave  excellent  comparisons  to  the  experimental 
data. 

The  results  of  this  study  demonstrate  the  use  of  the  simulation 
facility  systems  model  to  predict  simulation  fidelity  effects. 

Tuning  the  model  about  local  conditions  from  in-simulator  results 
then  allows  the  analysis  of  both  hardware  and  software  design 
increments  about  those  local  conditions.  This  tool  for  the  analysis 
of  flight  simulation  engineering  requirements  (as  well  as  simulator 
constraints  on  pilot/vehicle  performance)  should  prove  extremely 
useful  in  further  applications. 
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TABLE  I.-  PARAMETERS  OP  SUM  OF  SINES 

Frequencies  Relative  Amplitudes 

(rad/sec)  (Without  Scale  Factor  of  6.1 


TABLE  II.-  AWOVA  RESULTS  FOR  RMS  PERFORMANCE  ftETRICS 


TABLE  III.-  PILOT  DESCRIBING  FUNCTION  AMPLITUDE  RATIO 


ANOVA  Probability  >  0.95 
ANOVA  Probability  >  0.90 


TABLE  IV.-  PILOT  DESCRIBING  FUNCTION  PHASE 


BANOVA  Probability  >0.99 
— >ANOVA  Probability  >  0.95 
>ANOVA  Probability  >  0.90 


PILOT  DESCRIBING  FUNCTION  REfHANT 


ANOVA  Probability 
ANOVA  Probability 


TABLE  VI.-  AVERAGE  MODEL  PERFORMANCE  AND  STANDARD  DEVIATION 
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Figure  3.-  Single  axis  compensatory  tracking  task. 
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Figure  7.-  RMS  track  error  for  best  vs.  worst  case. 
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ABSTRACT 


An  experimental  and  analytical  study  was  performed  to  explore 
the  effects  of  simulator  delays  on  system  performance  and  operator 
response  behavior  during  various  stages  of  training  on  a  roll-axis 
tracking  task,  Five  groups  of  subjects  naive  with  regard  to  this 
task  participated.  One  group  trained  initially  with  visual  cues 
only;  another  group  trained  with  combined,  synchronous  visual  and 
motion  cues;  and  the  remaining  groups  trained  with  motion  cues 
delayed  with  respect  to  visual  cues  by  amounts  of  80,  200  and  300 
msec.  After  initial  training,  all  but  the  second  group  were  given 
additional  training  with  synchronous  visual  and  motion  cues. 

Initial  training  with  motion  cues  delayed  by  80  and  200  msec 
enhanced  learning  of  the  transfer  task,  as  compared  to  initial 
training  with  no  motion  and  with  motion  delayed  by  300  msec. 
Learning  was  accompanied  by  an  increase  in  human  operator  gain,  a 
decrease  in  high-frequency  phese  lag,  and  a  decrease  in  operator 
remnant.  Analysis  with  the  optimal-control  pilot/vehlcle  model 
reflected  these  trends  as  decreases  in  time  delay,  motor  time 
constant,  and  observation  noise/signal  ratio. 


INTRODUCTION 


As  part  of  a  long-term  study  of  the  effects  of  motion  cues  on 
manual  tracking  perforr.-nce ,  an  experimental  and  analytical  study 
was  performed  to  explore  the  effocte  of  simulator  delays  on  system 
performance  and  operator  response  behavior  during  various  stages  of 


training.  This  study  had  two  major  goals:  (1)  to  see  how  human 
operators  utilize  delayed  motion  cues  while  learning  a  control 
task,  and  (2)  to  see  how  initial  training  in  a  task  in  which  motion 
cues  were  either  non-existent  or  delayed  relative  to  visual  cues 
would  carry  over  to  a  situation  in  which  motion  cues  were 
synchronous  with  visual  cues. 

This  paper  summarizes  the  results  of  the  data  analysis 
performed  to  date.  Because  only  a  small  subset  of  the  experimental 
data  has  been  fully  analyzed  as  of  the  writing  of  this  paper,  the 
results  presented  herein  must  be  considered  tentative,  especially 
with  regard  to  frequency-response  and  model  analysis  of  performance 
in  early  training  phases. 


DESCRIPTION  OF  EXPERIMENTS 


The  experimental  task  consisted  of  maintaining  a  simulated 
fighter-like  aircraft  wings  level  in  the  presence  of  random 
turbulence.  Five  groups  of  subjects  naive  with  respect  to  this 
task  participated.  One  group  trained  Initially  with  visual  cues 
only;  another  group  trained  with  combined,  synchronized  visual  and 
motion  cues;  and  the  remaining  groups  trained  with  motion  cues 
delayed  with  respect  to  visual  cues.  All  groups  were  trained  to 
apparent  asymptotic  mean-squared  error  performance  in  their  initial 
tasks.  After  initial  training,  all  but  the  second  group  trained  to 
asymptotic  performance  with  synchronous  visual  and  motion  cues. 


Experimental  Setup 

The  experimental  setup  is  diagrammed  in  Figure  1.  The  subject 
viewed  a  display  of  simulated  roll  angle,  which  served  aB  the 
tracking  error,  and,  by  means  of  a  side-mounted  control  stick, 
attempted  to  minimize  this  error. 

Motion  cues  were  provided  to  the  test  subjects  by  the  Roll 
Axis  Tracking  Simulator  (RATS)  located  at  the  Aerospace  Medical 
Research  Laboratory.  The  simulator  consisted  of  a  single-seat 
cockpit  with  a  television  monitor  display  and  a  hand-operated  force 
stick  located  on  the  right  side.  External  visual  cues  were 
eliminated  by  a  shroud  around  the  cockpit.  The  axis  of  rolling 
rotation  was  through  the  human  operator’s  head.  The  rotating 
simulator  dynamics  were  identified  and  simulated  on  a  hybrid 
computer . 

The  visual  tracking  loop  contained  an  analog  simulation  of 
vehicle  dynamics  that  included  (1)  a  representation  of  roll-axis 
response  character ist ics  of  a  high-performance  fighter  aircraft, 
(2)  simulation  of  the  identified  dynamics  of  the  rotating 
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VISUAL 


Figure  1.  Diagram  of  the  Tracking  Task 


simulator,  and  (3)  a  cumulative  transport  delay  of  about  61  msec 
arising  from  anti-aliasing  filters,  processing  delays,  and  delays 
associated  with  display  generation. 

When  the  tracking  task  involved  combined  visual  and  motion 
cues,  simulator  movement  was  delayed  via  a  digital  delay  algorithm 
to  provide  motion  cues  that  were  either  synchronous  with  visual 
cues  (time  delay  *  0}  or  were  delayed  relative  to  visual  cues  by 
amounts  of  up  to  300  msec.  The  dynamical  response  properties  of 
the  moving-base  simulator  were  augmented  with  analog  dynamics  so 
that  when  the  time  delay  shown  in  Figure  1  was  set  to  zero,  the 
motion  of  the  simulator  occurred  with  the  same  delay  and  response 
characteristics  as  the  visual  display. 


Tracking  Display 

The  negative  of  the  simulated  roll  angle  was  displayed  as  an 
error  to  the  human  operator  on  a  9-inch  diagonal  television 
monitor.  The  inside-out  display  consisted  of  a  1.25  inch  long 
rotating  line  whose  center  was  superimposed  upon  a  stationary 
horizontal  line.  A  0.22  inch  perpendicular  line  at  the  center  of 
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the  rotating  line  provided  upright  orientation.  The  display  was 
centered  in  azimuth  a  distance  of  26  inches  from  the  subject's 
eyes.  Subjects'  sitting  heights  were  such  that  the  display  was 
within  10  degrees  of  eye  level  for  each  subject. 


Tracking  Task  Parameters 

The  dynamics  of  the  rotating  simulator  were  identified  as  a 
low-pass  filter  having  a  single  root  at  19  rad/sec.  A  second  low- 
pass  filter  having  a  single  pole  at  5  rad/sec  was  added  to  these 
dynamics  to  approximate  aircraft  dynamics.  With  the  force  stick 
gain  adjusted  to  produce  a  steady  state  roll  rate  of  14  deg/sec  for 
one  pound  of  force  at  middle  finger  hoight,  the  controlled  dynamics 
were : 


5  .  19 

s+S  TsTTST 


(1) 


where  <Ks)  is  roll  angle  in  degrees  and  U(s)  is  control  force  in 
po unds. 

The  disturbance  input  was  constructed  from  13  sinusoids  whose 
amplitudes  were  selected  to  simulate  a  random  noise  process  having 
a  power  spectral  density  of  the  form 
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(2) 


Input  amplitude  was  adjusted  to  provide  an  rms  disturbance  input  of 
14  deg/sec  reflected  to  the  display.  In  order  to  prevent  subjects 
from  learning  the  input  waveform  during  the  experiments,  a  random 
number  generator  was  used  to  vary  phase  relationships  among 
component  sinusoids  from  one  experimental  trial  to  the  next. 


Experimental  Procedures 

Test  subjects,  all  college  students,  were  randomly  divided 
into  five  groups  of  four  to  five  subjects  each.  All  subjects  were 
right-handed,  in  apparently  good  physical  condition,  and  had  no 
prior  tracking  experience  of  the  type  experienced  in  this 
experiment.  Five  experimental  conditions  were  investigated: 

(1)  visual  cues  only  ("static"  tracking) ,  (2)  combined  synchronous 
visual  and  motion  cues  ("synchronous  motion"  or  "zero  delay"),  (3) 
combined  visual  and  motion  cues  with  motion  delayed  80  msec  with 
respect  to  visual  cues  ("80  msec"  condition),  (4)  motion  cues 
delayed  by  200  msec,  and  (5)  motion  cues  delayed  by  300  msec.  In 
all  cases,  an  additional  delay  of  about  61  msec  was  imposed  on  both 
visual  and  motion  cues  because  of  irreducible  delays  inherent  in 
the  simulation  procedure. 
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In  order  to  establish  basic  capability  as  a  controller,  each 
subject  performed  two  trials  of  a  simulated  pitch  tracking  task 
using  simulated  dynamics  different  from  those  employed  in  the 
subsequent  roll-axis  task.  Each  of  the  five  subject  groups  was 
then  given  initial  training  on  one  of  the  five  experimental 
conditions.  Training  on  these  tasks  continued  until  asymptotic 
levels  of  mean-squared  error  had  been  reached.  At  this  point, 
subjects  in  the  static,  80  msec,  200  msec,  and  300  msec  groups  were 
transitioned  to  the  synchronous  motion  case  and  trained  to  apparent 
asymptote  on  this  task. 

Each  subject  completed  one  session  of  four  experimental  trials 
per  day.  Each  experimental  trial  lasted  165  seconds.  Since 
learning  data  were  desired,  subjects  were  initially  given  only  the 
briefest  possible  familiarization  with  the  simulation;  time 
histories  for  all  subsequent  pre-  and  post-transition  experimental 
trials  were  recorded  for  analysis  and  modeling. 

Subjects  were  instructed  to  minimize  mean-squared  error  and 
were  shown  their  error  score  at  the  end  of  each  trial.  Subjects 
were  made  aware  of  their  previous  scores  as  well  as  those  of  other 
subjects  in  the  same  group  to  provide  motivation.  Between-group 
performance  was  kept  secret  from  each  group. 


EXPERIMENTAL  RESULTS 


Learning  Trends 

Pre-  and  post-transition  learning  trends  for  the  various 
subject  groups  are  revealed  by  changes  in  mean  squared  error 
performance  with  training  as  shown  in  Figure  2. 

To  obtain  the  data  points  shown  in  this  figure,  wi thin-subject 
averages  were  obtained  across  the  four  error  scores  yielded  by  each 
subject  in  a  given  session.  Across-subject  averages  were  then 
obtained  for  all  subjects  in  a  given  group.  To  facilitate 
graphical  presentation,  average  scores  —  connected  by  straight 
lines  --  are  shown  for  every  other  session  prior  to  transition. 

As  expected,  the  introduction  of  simulator  delay  degraded 
asymptotic  mean-squared  error  performance  on  the  Initial  task. 
Error  scores  ranged  from  about  7.5  deg2  for  synchronous  motion  to 
about  40  deg2  for  the  300  msec  delay.  An  MS  error  score  of  about 
33  deg2  was  obtained  by  the  static  group.  Thus,  motion  cues  with 
delays  of  up  to  200  msec  benefited  asymptotic  performance.  That 
is,  scores  obtained  under  these  conditions  were  smaller  than  those 
achieved  by  the  static  group.  Motion  cues  delayed  by  300  msec  were 
clearly  of  no  benefit  and  may  have  caused  the  error  scores  to  be 
larger  than  they  would  have  been  if  the  subjects  had  tracked  fixed 
base . 
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PRE-TRANSITION  SESSION 
NUMBER 


POST-TRANSITION  SESSION 
NUMBER 


Figure  2.  Learning  Curves 

Average  of  4-5  subjects#  4  trials/subject. 

Application  of  the  Mann-Whitney  non-parametr ic  test  for 
statistical  significance  fl]  revealed  significance  levels  of  0.05 
or  less  for  ordered  groups  of  subjects  tracking  with  combined 
visual  and  motion  cusb.  That  is#  the  average  MS  error  achieved  by 
the  80  msec  group  was  significantly  greater  than  that  obtained  by 
the  zero  delay  group;  the  200  msec  group  had  a  significantly  higher 
score  than  the  80  msec  group,  etc.  By  this  measure,  asymptotic 
error  scores  of  the  static  group  were  significantly  greater  than 
scores  yielded  by  the  zero  delay  and  80  mBec  subject  groups. 
Because  of  subject-to-subject  variability,  no  statistical 
significance  could  be  associated  with  the  difference  between  static 
performance  and  either  200  msec  or  300  msec  performance. 

A  considerable  spread  1b  shown  in  Figure  2  for  average  MS 
tracking  error  in  the  first  session  following  transition  to  the 
zero-delay  motion  task.  Initial  post-transition  scores  ranged  from 
about  7  for  the  80-msec  delay  task  to  about  19  deg2  for  the  static 
and  300-msec  delay  cases.  The  Mann-Whitney  test  revealed 
statistical  significance  at  the  0.05  level  or  less  between  the  80- 
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msec,  200-msec,  and  static  conditions.  Although  Figure  2  shows 
asymptotic  post-transition  scores  for  the  200-  and  300-msec  cases 
to  be  higher  than  for  the  static  and  82-mBec  conditions,  these 
differences  were  not  found  to  be  statistically  significant. 

Tn  order  to  facilitate  comparison  of  learning  rates  among  the 
subject  groups,  learning  curves  were  approximated  by  an 
exponential-decay  model  of  the  following  forms 

xn  -  xa  +  (1-F)n  (xo-xa)  (3) 

where  xn  Is  the  error  score  after  completion  of  the  nth  training 
session,  xa  is  the  asymptotic  MS  error,  xQ  la  the  (theoretical) 
Initial  error  score  before  completion  of  the  first  training 
session,  and  F  is  the  "learning  rate”,  defined  as  the  fraction  by 
which  the  difference  between  current  error  and  asymptotic  error  is 
reduced  from  session  to  session.  Thus,  if  asymptotic  error  were 
reached  in  a  single  session,  F  would  be  unity;  if  each  tracking 
session  reduced  tracking  error  by  30%  of  the  total  reduction 
possible,  F  would  be  0.3;  etc. 

Model  parameters  xa,  x0,  and  F  were  found  by  minimizing  the 
following  loss  functioni 


where  N  is  the  number  of  training  sessions  considered,  114  is  the 
error  score  predicted  for  the  itn  training  session  by  the  above 
model,  d ^  is  the  corresponding  "data"  (MS  error  averaged  over  a 
subject  group)  ,  and  a ^  is  the  standard  deviation  of  the  subject 
means  within  the  group.  Eight  training  sessions  were  considered  in 
computing  model  parameter  values. 

The  "matching  error"  E  indicates  the  average  number  of 
standard  deviations  by  which  model  predictions  differ  from 
experimental  subject  means.  Note  that  the  "initial"  and 
"asymptotic"  error  xp  and  x,  are  theoretical  quantities  and  are  not 
necessarily  identified  with  specific  individual  measurements. 
Values  for  the  parameters  of  the  exponential  learning  model  are 
given  in  Table  1  for  each  subject  group  in  pre-  and  post-transi tion 
training . 


Although  no  monotonic  relation  between  motion-cue  delay  and 
learning  rates  was  found,  Table  1  does  show  some  consistent  trends. 
Specifically,  subjects  trained  initially  with  the  300-msec  motion 
delay  showed  collectively  the  lowest  learning  rates  both  before  and 
after  transition  to  the  synchronous  motion  condition.  The  subject 
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TABLE  1 

PARAMETER  VALUES  FOR  THE  EXPONENTIAL  LEARNING  MODEL 


CONDITION 

ASYMPTOTIC 
MS  ERROR 

INITIAL 
MS  ERROR 

LEARNING 

RATE 

MATCHING 

ERROR 

A)  Pre-Transition 

No  Delay 

7.2 

— 

37. 

.36 

.26 

80  Msec 

13. 

64. 

.25 

.34 

200  Msec 

32. 

181. 

.36 

.32 

300  Msec 

37. 

97. 

.18 

.34 

Static 

35. 

104. 

.27 

.30 

B)  Post-Transition 

80  Msec 

5.7 

9.8 

.63 

.29 

200  Msec 

7.0 

to 

-a 

■ 

.81 

.37 

300  Mseo 

8.2 

24. 

.37 

.13 

Static 

6.5 

33. 

.52 

.08 

populations  trained  with  delays  of  2.00  msec  or  less  tended  to  reach 
asymptotic  performance  as  fast  or  faster  than  those  trained  with  no 
motion  cues.  Thus,  initial  training  with  delayed  motion  cues 
appeared  to  enhance  the  rate  of  learning  of  both  pre-  and  post- 
tranBition  tasks  when  delayed  by  200  msec  or  less  and  to  impede 
learning  when  delayed  by  300  msec. 

The  "learning  rates"  given  in  Table  1  provide  comparisons  of 
the  rates  at  which  subjects  reached  asymptotic  performance  on  the 
various  task  configurations.  A  more  relevant  indicator  of  training 
effectiveness  is  perhaps  given  by  initial  performance  following 
transition,  as  one  is  typically  Interested  in  how  well  the  trainee 
has  learned  to  fly  the  airplane  (represented  by  the  zero-delay 
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condition)  —  not  how  well  he  has  learned  to  fly  the  simulator 
(represented  by  the  remaining  conditions). 

Figure  2  shows  that  initial  post-transition  MS  error  scores 
were  substantially  lower  for  the  80-  and  200-msec  conditions, 
relative  to  the  300-msec  and  static  conditions*  as  noted  above, 
these  differences  were  statistically  significant.  Thus,  in  terms 
of  providing  training  relevant  to  the  post-transfer  task,  motion 
simulation  with  delays  of  200  msec  or  less  would  appear  to  enhance 
learning,  compared  to  static  simulation,  for  the  particular 
tracking  task  employed  in  this  study. 


Frequency  Response  and  Model  Analysis 


Figure  3  shows  the  effects  of  training  on  frequency-response 
measures  for  a  single  subject  in  the  pre-transition  static 
condition.  Response  variables  are  the  amplitude  ratio  and  phase 
shift  components  of  the  operator's  describing  function,  and  the 
remnant-related  control  spectrum  (l.e.,  the  portion  of  the 
operator's  control  response  that  is  not  linearly  correlated  with 
the  external  forcing  function.)*  Measures  are  shown  for  early  and 
late  training. 


Training  influenced  all  three  frequency-response  measures. 
The  operator  substantially  increased  her  control  gain  during  the 
course  of  training  and  generated  less  phase  lag  at  the  highest 
frequency  at  which  reliable  measurements  could  be  obtained.**  The 
remnant  spectrum  was  also  effected  by  training:  low-frequency 
remnant  decreased  and  high-frequency  remnant  increased,  as  did  the 
frequency  at  which  remnant  power  was  maximal.  Measurements 
obtained  at  an  intermediate  level  of  training  (not  shown  in 
Figure  3)  revealed  a  consistent  trend. 

Figures  4  and  5  show  that  training  had  similar  qualitative 
effects  on  amplitude  ratio  and  phase  shift  for  the  same  subject's 
post-transition  exposure  and  another  subject's  initial  exposure  to 
the  zero-delay  motion  condition.  EffectB  on  remnant  control  power 


*  In  all  figures  showing  frequency  response,  0  dB  amplitude  ratio 
indicates  1  pound  control  force  per  degree  roll  angle,  and  0  dB 
control  power  indicates  1  pound2  control  power  per  rad/sec. 

**  Estimates  of  amplitude  ratio  and  phase  shift  were  considered 
reliable  only  if  input-correlated  control  power  was  at  least  6  dB 
groater  than  remnant- related  power  at  neighboring  frequencies. 
These  measurements  were  not  plotted  at  frequencies  for  which  this 
criterion  was  not  met.  Estimates  of  remnant- related  power  were 
plotted  over  the  entire  range  of  0.2  to  11  rad/sec. 
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Figure  3.  Effects  of  Training  on  Pre-Transition  Frequency 
Response,  Subject  CP,  Static 
Average  of  4  trials. 

differed  from  those  shown  for  initial  static  training  in  that 
training  with  synchronous  motion  resulted  in  an  overall  reduction 
in  remnant  power. 

Model  analysis  was  performed  on  selected  results  with  the 
"optimal-control"  model  for  pilot/vehicle  systems.  Values  for 
pilot-related  model  parameters  were  identified  from  experimental 
data  as  described  in  a  companion  paper  [2],  The  reader  is  assumed 
to  have  a  working  knowledge  of  this  model. 

Analysis  was  performed  on  data  obtained  from  subjects  trained 
initially  in  the  static  and  zero-delay  motion  tasks;  parameter 
values  identified  from  these  results  are  given  in  Table  2.  Columns 
labeled  "early"  refer  to  data  obtained  in  the  firBt  two  sessions  of 
the  particular  training  condition,  whereaB  "late"  refers  to 
asymptotic  tracking  performance. 
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Figure  4.  Effects  of  Training 
on  Post-Transition  Frequency 
Response,  Subject  CP,  Zero 
Delay  Motion 

Average  of  4  trials. 
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Figure  5.  Effects  of  Training 
on  Frequency  Response,  Subject 
DM,  Zero  Delay  Motion 


Average  pre-transition  performance  for  static  tracking  early 
in  training  was  obtained  by  identifying  parameters  for  each  of  four 
subjects,  then  averaging  the  Identified  values  across  subjects 
(column  1  of  the  table).  Averaging  of  the  parameters,  rather  than 
matching  average  response  behavior,  was  deemed  more  appropriate  for 
these  early  results  because  of  the  potential  for  large  individual 
differences.  Because  asymptotic  performance  was  less  variable 
across  subjects,  however,  frequency-response  measures  obtained  late 
in  training  were  averaged  across  subjects  and  parameters  were 
identified  from  the  averaged  data  (column  2)  .  Parameters  were  also 
identified  from  data  obtained  from  individual  subjects  for 
synchronous  motion  tracking  —  one  subject  transitioning  from 
initial  static  tracking,  and  one  subject  trained  entirely  with 
synchronous  motion. 

Model  parameters  shown  in  Table  2  include  time  delay?  motor 
time  constant  (related  inversely  to  response  bandwidth);  and 
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TABLE  2 

PILOT-RELATED  OPTIMAL  CONTROL  MODEL  PARAMETERS 


— 

Static 

Motion  (3) 

Motion  (3) 

Model  Parameter 

Pre-Transition 

Post-Transition 

(No  Transition) 

Early(l) 

Lafe(2) 

Early 

Late 

Early  Late 

Time  Delay 

.28 

.19 

.16 

.15 

.28  .19 

(Seconds) 

Motor  Time  Con- 

.21 

.13 

.12 

.09 

.13  .08 

etant  (seconds) 

Position  Noise/ 
Signal  Ratio  (dB) 

-7 

-22 

-21 

-28 

-17  -31 

Rate  Noise/ 

Signal  Ratio  (dB) 

-14 

-17 

-19 

-29 

CM 

CM 

I 

r- 

H 

1 

Acceleration 

Noise/Signal 

Ratio 

. 

-16 

-17 

19.5  -23 

(1)  Average  of  parameters  from  4  subjects 

(2)  Parameters  for  average  response  of  5  subjects 

(3)  Parameters  for  1  subject 


observation  noise/signal  ratios  related  to  perception  of  error 
displacement,  error  rate,  and  error  acceleration.  Motor  noise 
parameters  were  also  Identified,  but  as  tracking  performance  was 
related  only  weakly  to  motor  noise,  these  results  are  omitted  from 
the  table  and  from  the  following  discussion. 

When  tracking  with  visual  cues  only,  the  subject  was  assumed 
to  utilize  only  position  and  rate  information;  when  tracking  with 
combined  visual  and  motion  cuss,  the  subjects  were  assumed  to 
obtain  and  utilize  displacement,  rate,  and  acceleration 
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information.  Since  only  one  observation  noise  variance  can  be 
uniquely  identified  for  a  given  perceptual  variable,  the 
observation  noise  quantities  shown  in  Table  2  reflect  the  combined 
effects  of  visual  and  motion  cue  utilization.* 

Pre-transition  training  by  the  static  subject  group  was  marked 
by  substantial  reductions  in  time  delay,  motor  time  constant,  and 
noise/signal  ratio  associated  with  perception  of  error.  Only  a 
modest  decrease  was  observed  for  rate-related  observation  noise. 
Asymptotic  values  for  time  delay  and  noise/signal  ratios  were  on 
the  order  of  those  observed  in  early  laboratory  studies  with  wide¬ 
band  tracking  dynamics;  the  average  motor  time  constant,  however, 
was  about  30%  greater  than  found  in  these  earlier  studies. 

Transition  to  zero-delay  motion  was  accompanied  by  further 
reductions  in  motor  time  constant  and  noise/signal  ratios,  but  no 
further  reduction  in  time  delay.  Asymptotic  motor  time  constant 
for  this  condition  was  consistent  with  earlier  results,  but 
asymptotic  noise/signal  ratios  for  displacement  and  rate  were  close 
to  -30  db  —  about  10  dB  lower  than  levels  previously  identified 
from  tracking  tasks  involving  stable  plant  dynamics. 

Analysis  of  the  data  obtained  from  one  subject  in  the  zero- 
delay  motion  group  also  revealed  substantial  reductions  in  all 
pilot-related  model  parameters  (except  for  acceleration-related 
noise/signal  ratio,  which  was  relatively  low  early  in  training). 
Asymptotic  values  for  time  delay  end  motor  time  constant  ware 
similar  to  those  observed  in  previous  studies,  whereas  noiso/signal 
ratios  were,  on  the  average,  lower  than  expected  for  a  stable 
tracking  taBk. 

In  summary,  the  fullowing  trends  are  apparent  from  the  data 
analyzed  so  far: 

1.  Initial  training  on  the  static  task  was  accompanied  by 
substantial  reductions  in  time  delay,  motor  time  constant, 
and  observation  noise  related  to  perception  of 
displacement . 

2.  Additional  training  following  transition  to  the  task  with 
synchronized  visual  and  motion  cusb  allowed  an  Immediate 
drop  in  time  delay,  which  remained  stable  with  further 
training,  plus  progressive  decreases  in  motor  time  constant 
and  noise/signal  ratio. 


*  One  could  attempt  to  distunguiah  visual  from. motion  cut  effects 
by  making  certain  constraining  assumptions,  such  as  assuming  that 
attention  ie  shared  between  motion  end  visual  cues  according  to 
some  model  for  attention-sharing  [7].  However,  no  such  attempt 

was  made  here. 
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3.  Initial  training  with  synchronous  visual  and  motion  cues 
revealed  progressive  decreases  in  all  pilot-related  model 
parameters . 

Some  of  these  trends  confirmed  prior  expectations,  while 
others  did  not.  Additional  model  analysis  was  undertaken  to 
explain  these  results,  as  described  below. 


Discussion  of  Results 


It  was  anticipated  that  training  would  be  accompanied  by  a 
progressive  increase  in  the  operator's  amplitude  ratio,  a  decrease 
in  high-frequency  phase  lag,  and  a  reduction  in  remnant.  In 
general,  any  reduction  in  what  we  consider  to  be  basic  information- 
processing  limitations  (time  delay,  motor  time  constant, 
noise/signal  ratio)  would  be  accompanied  by  these  changes  in 
frequency  response. 

Although  progressive  reductions  in  all  three  parameters  were 
expected  to  some  extent,  the  trends  exhibited  specifically  by  the 
nolse/slgnal  ratio  and  motor  time  constant  deviated  from  prior 
expectations . 

Let  us  first  consider  the  observation  noise/signal  ratio. 
This  parameter  provides  the  major  source  of  "pilot  remnant"  in  the 
optimal-control  pilot/vahlcle  model.  Therefore,  any  type  of  pilot 
activity  that  cannot  be  accounted  for  by  a  fixed  linear  response 
strategy  contributes  to  this  noise  parameter.  Such  activity  may 
include  nonlinear  behavior,  injected  noise,  and  variations  of  the 
linear  response  strategy  during  the  course  of  an  experimental 
trial . 

We  expected  that  the  operator's  attempt  to  discover  the 
appropriate  response  behavior  would  cause  him,  during  the  early 
training  phase,  to  vary  his  control  strategy  during  the  course  of 
individual  experimental  trials.  Such  behavior  would  be  manifested 
by  large  noise/signal  ratios.  Moreover,  we  anticipated  that 
subjects  would  have  difficulty  utilizing  velocity  Information  early 
in  training  and  that  observation  noise  associated  with  rate 
perception  would  be  especially  large. 

Trends  shown  in  Table  2  for  static  tracking  ire  the  opposite 
of  what  was  anticipated.  Rate-related  observation  noise  early  in 
training  was  within  3  dB  of  that  which  matched  asymptotic  static 
tracking,  whereas  a  very  large  noise/signal  ratio  was  initially 
found  for  position-related  noise. 

One  should  perhaps  exercise  a  good  deal  of  caution,  however, 
when  interpreting  observation  noise  levels  identified  for  untrained 
subjects.  While  the  relation  between  noise/signal  ratios  and  cue 
utilization  appears  to  be  justified  for  the  highly-trained 
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subject  [3,4],  other  factors  (such  as  non-optimal  response 
behavior)  may  Influence  these  pilot-related  model  parameters  early 
In  training. 

The  relatively  low  noise/signal  ratios  achieved  after  training 
with  combined,  synchronous  visual  and  motion  cues  were  also 
surprising,  because  (1)  such  low  noise  levels  (on  the  order  of 
-26  dB)  had  been  observed  in  earlier  studies  primarily  when  vehicle 
dynamics  were  unstable  [5,6],  and  (2)  a  previous  experiment  using  a 
similar  tracking  task  yielded  noise/signal  ratios  on  the  order  of 
-20)  dB  [7] . 


Sensitivity  analysis  provides  at  least  a  partial  explanation 
for  the  low  noise/signal  ratios.  If  we  set  other  pilot  parameters 
equal  to  values  appropriate  to  the  asymptotic  motion  results, 
reducing  the  noise/signal  ratio  from  -20  to  -26  dB  reduces  the 
predicted  mean-squared  error  to  ,37  of  its  value  for  the  -20  dB 
noise  level.  This  sensitivity  is  on  the  order  of  that  found  in  the 
experiments  with  unstable  dynamics.  On  the  other  hand,  a  similar 
change  in  noise/signal  ratio  for  the  static  case  (where  other 
parameters  are  readjusted  to  provide  the  best  match  for  that 
condition)  reduces  the  predicted  error  to  0.57  of  the  initial 
value.  Thus,  sensitivity  analysis  provides  a  rationale  for  the 
different  asymptotic  noise/signal  ratios  observed  in  this 
ex  per lment . 
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Differences  in  noise/signal  ratios  found  in  different  motion-  jfl 

base  experiments  may  also  be  explained  via  sensitivity  analysis.  1 

In  a  recent  experiment  employing  the  same  task  dynamics  and  inputs,  9 

subjects  were  trained  to  minimize  a  weighted  sum  of  mean-squared 
error  and  mean-squared  plant  acceleration,  rather  than  simple  mean-  J 

squared  error  [7].  Reduction  of  noise/Bignal  ratio  from  -20  to 
-26  dB  reduced  the  predicted  total  "cost"  to  .66  of  its  initial  i  ■* 

value.  Thus,  the  relatively  lower  sensitivity  of  performance  to  i  j 

observation  noise  may  have  failed  to  motivate  the  subjects  in  the  |  | 

earlier  experiment  to  lower  their  noise/signal  ratios  beyond  the  j  | 

-20  dB  normally  associated  with  laboratory  tracking  tasks.  j  9 


Combined  pilot/vehicle  frequency  response  behavior  for 
selected  subjects  was  analyzed  to  determine  whether  or  not  the 
relatively  large  motor  time  constants  reflected  attempts  by  the 
subjects  to  adopt  conservative  response  strategies  that  would 
provide  greater  margins  of  system  stability  than  that  associated 
with  the  predicted  optimal  response  behavior.  Specifically,  gain 
crossover  frequencies  and  phase  margins  were  derived  from  the 
frequency  response  measurements,  where  "gain  crossover"  is  the 
frequency  at  which  the  combined  pilot/vehicle  system  responds  with 
unity  amplitude  (i.e.,  0  dB) ,  and  "phase  margin"  is  the  phase  shift 
of  the  total  system  at  gain  crossover  plus  180  degrees.  Since,  in 
general,  the  system  would  be  unstable  if  the  phase  shift  were  less 
than  -180  degrees  at  gain  crossover,  the  phase  margin  may  be 
considered  an  indicator  of  relative  system  stability. 
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Table  3  shows  that  phase  margin  was  reduced  considerably  from 
that  obtained  in  early  training  to  that  achieved  late  in  pre- 
transition  training.  Asymptotic  phase  margins  were  about  25 
degrees  for  static  tracking  and  21  degrees  for  the  subject  trained 
with  motion  cues,  whereas  phase  margins  early  In  training  were  over 
40  degress.  Thus,  it  appears  that  the  subjects  adopted  large  motor 
time  constants  (i.e.,  reduced  their  response  bandwldths)  in  early 
training  to  achieve  greater  system  stability,  perhaps  to  compensate 
for  their  lack  of  knowledge  concerning  vehicle  response  behavior. 


TABLE  3 

COMBINED  PILOT/VEHICLE  RESPONSE  PARAMETERS 


Task 

Subject 

Phase 

Margin 

(degrees) 

Gain 

Crossover 

(rad/sec) 

Early  Static 

CP 

52 

1.1 

Asymptotic  Statlo 

CP 

25 

2.7 

Asymptotic  Statio 

Average 

26 

3.0 

Model  Prediction,  Static 

"" 

25 

3.5 

Early  Motion,  Post-Transition 

CP 

22 

3.9 

Asymptotic  Motioiv  Post-Transition 

CP 

19 

5.2 

Early  Motion,  Pre-Transition 

DM 

45 

3.3 

Asymptotia  Motion,  Pre-Transition 

DM 

21 

_ 

5.1 

The  larger-than-expected  motor  time  constant  found  for 
asymptotic  static  tracking  does  not  appear  to  have  increased  system 
stability,  however.  The  phase  margin  predicted  by  the  model  using 
values  for  pilot  parameters  consistent  with  earlier  results  was 
about  25  degrees  for  static  tracking  —  about  the  same  as  that 
found  experimentally.  Predicted  gain  crossover  frequency  was 
greater  than  experimental  values,  however  (3.5  rad/sec  compared 
with  3.0  for  the  average  of  five  subjects  and  2.7  for  subject  CP), 
and  predicted  MS  error  was  correspondingly  lower  than  that  found 


experimentally.  It  is  therefore  not  clear  what  benefit  was  derived 
by  maintaining  a  motor  time  constant  above  the  nominal  0.1  seconds. 

The  average  asymptotic  motor  time  constant  of  0.13  sec  for 
static  tracking  does  not  appear  to  reflect  an  inherent  bandwidth 
limitation  of  this  particular  subject  group.  For  example,  a 
subject  having  a  static  motor  time  constant  of  0.18  seconds 
provided  data  that  was  matched  with  a  time  constant  of  0.1  seconds 
when  she  subsequently  trained  on  the  post-transition  task. 

Motor  time  constants  greater  than  0.1  seconds  have  been 
observed  in  earlier  experiments  involving  relatively  low-bandwidth 
plant  dynamics  M,8].  Although  plant  bandwidth  in  this  experiment 
was  not  especially  low,  the  bandwidth  limitations  of  the  simulator 
(a  single  pole  at  19  rad/sec)  plus  the  simulation  delay  of  about  80 
msec,  when  combined  with  the  basic  plant  dynamics,  served  to  induce 
larger  high-frequency  phase  lags  than  have  been  found  in  many  of 
the  early  experimental  studies  with  simple  tracking  dynamics.  When 
viewed  in  this  context,  the  experimental  results  are  not 
inconsistent  with  previous  findings. 

The  apparent  decrease  in  pilot  response  bandwidth  with  low 
system  bandwidth  (or  large  system  phase  lag)  remains  to  be 
explained.  As  we  have  just  shown,  model  analysis  does  not  support 
the  hypothesis  that  such  behavior  represents  an  optimal  strategy, 
since  superior  performance  could  be  presumably  achieved  if  the 
subject  were  to  operate  at  higher  bandwidths. 

The  inability  of  the  subject  to  develop  an  adequate  internal 
model  of  the  task  environment  in  certain  situations  may  be  in  part 
responsible  for  increased  motor  time  constant.  That  is,  Increasing 
the  time  constant  may,  in  fact,  represent  an  optimal  strategy  on 
the  part  of  the  subject  when  forced  to  respond  in  situations  of 
significant  uncertainty.  Alternatively,  the  control  system  may  not 
provide  (enough  information  for  the  subject  to  generate  a  high 
response  bandwidth. 


SUMMARY 


Analysis  completed  to  date  yields  the  following  tentative 
conclusions  t 

1.  For  the  specific  tracking  task  explored  in  this  study, 

asymptotic  pre-transition  tracking  performance  was  influenced 
by  simulator  delays.  Mean-squared  error  significantly 
Increased  for  increasing  delay.  Delays  of  200  msec  or  less  led 
to  lower  scores  than  did  static  (fixed-base)  tracking;  whereas 
scores  obtained  with  motion  cues  delayed  by  300  msec  were,  on 
the  average,  greater  than  static  scores. 
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2.  Initial  training  with  motion  cuess  delayed  by  80  and  200  msec 
enhanced  learning  of  the  transfer  task,  as  compared  with 
initial  training  with  no  motion  or  with  motion  delayed  by  300 
msec . 

3.  pre-  and  post-transition  learning  was  accompanied  by  increasing 
operator  amplitude  ratio  and  decreasing  phase  lag?  post¬ 
transition  learning  was  also  accompanied  by  decreasing  remnant. 

4.  The  following  effects  of  training  on  identified  pilot-related 
model  parameters  were  observed t 

a.  Initial  training  on  the  static  task  was  accompanied  by 
substantial  reductions  in  time  delay,  motor  time  constant, 
and  observation  noise/signal  ratio. 

b.  Additional  training  following  transition  to  the  task  with 
synchronized  visual  and  motion  cues  allowed  an  immediate 
drop  in  time  delay,  which  remained  stable  with  further 
training,  plus  progressive  decreases  in  motor  time  constant 
and  noise/signal  ratios. 

c.  Initial  training  with  synchronous  visual  and  motion  cues 
was  accompanied  by  progressive  decreases  in  ell  pilot- 
related  model  parameters. 

5.  The  motor  time  constant  found  for  asymptotic  static  tracking 
was  greater  than  generally  found  in  the  past  for  simple 
tracking  dynamics,  whereas  the  noise/signal  ratio  for 
asymptotic  zero-delay  motion  tracking  was  lower  than  found  in 
recent  studies  of  motion  cues. 

8.  Differences  in  noise/signal  levels  found  in  this  and  prior 
studies  can  be  explained  on  the  basis  of  differential 
sensitivity  of  system  performance  to  noise/signal  ratio. 

7.  The  cause  for  the  elevated  motor  time  constant  is  not  clear. 
Further  study  is  suggested  to  explore  the  hypothesis  that 
larger  motor  time  constants,  especially  early  in  training,  are 
related  to  uncertainties  on  the  part  of  the  human  operator. 

As  of  the  data  of  this  paper,  model  analysis  of  the  80-,  200- 
and  300-msec  results  has  not  yet  been  performed.  Analysis  of  the 
data  obtained  in  this  study  is  expected  to  continue  under  a  current 
study  for  the  Air  Force.* 


*  XEo'6'h  ',&"oh'tra'5t~^lom'^2T-71-ff^T^ 
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ABSTRACT 

A  study  was  undertaken  to  develop,  implement,  and  validate  a  compensatory 
traoking  task  for  use  in  assessing  visual  oountermeaauree.  The  human  operator 
optimal  oontrol  model  was  used  to  design  the  task,  and  a  minlooaputer-based 
system  was  developed  for  implementation  cud  experimental  validation.  Two 
simulated  stressors  were  studied,  and  it  was  shown  how  data  trends  oould  be  used 
to  identify  partioular  stressor  effeots.  Quantitative  model  analysis  provided 
an  effiolent  means  of  compressing  the  traoking  data  and  of  identifying  stressor 
effeots  on  the  operator's  information  processing  capabilities. 


1 .  INTRODUCTION 

This  paper  summarizes  the  results  of  a  traoking  task  development  effort 
oonduoted  by  Bolt  Beranek  and  Newman  Ino.  (BBN)  for  the  Aerospace  Medloal 
Research  Laboratory  (AMRL/HEA);  detailed  study  results  are  dooumented  by 
Zaoharias  and  Leviaon  (1978). 

The  objeotive  of  the  study  was  to  develop,  implement,  and  validate  a 
compensatory  traoking  task  having  a  wide  applicability  and  sensitivity  to  a 
number  of  operator  stressors  present  in  the  operator's  environment.  The  task 
was  to  be  designed  for  use  with  the  type  of  stressors  expeoted  to  be  utilized  in 
a  program  investigating  the  effeots  of  visual  oountermaaaures ,  thus  serving  as  a 
preliminary  screening  task  for  countermeasures  assessment.  Task  development  was 
to  be  based  on  ourrent  human  operator  modelling  theory,  to  allow  for  the 
isolation  of  the  essential  elements  of  operator  performance  oharaoterlzing 
traoking  under  stressed  oonditiona. 

Our  traoking  task  development  effort  had  two  speoifio  objsotives.  First, 
we  wished  to  design  a  task  in  whioh  operator  performance  was  a  sensitive 
funotion  of  the  stress  imposed  on  the  operator.  Seoond,  we  wished  to  define  a 
set  of  performance  metrios  whioh  would  provide  us  the  capability  for 
differentiating  among  qualitatively  different  stressors.  These  objectives  thus 
required  a  task  having  not  only  general  sensitivity  to  imposed  stressors,  but  a 
differential  sensitivity  to  different  types  of  stressors. 

At  the  outset,  we  recognised  that  task  sensitivity  is  a  strong  funotion  of 
the  dlffioulty  level  assooiated  with  the  task  dynamios.  If  the  dynamioa  are 
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particularly  easy  to  oontrol,  then  performance  tends  to  be  an  insensitive 
funotion  of  task  stress;  oonveraely,  dynamics  which  are  controlled  only  with 
great  difficulty  are  associated  with  performance  changes  which  are  highly 
sensitive  to  task  stress. 

A  particular  example  whioh  demonstrates  this  is  the  study  of  hypoxia  on 
traoklngi  conducted  by  Replogle  et  at  (1970).  Subjects  were  required  to  oontrol 
two  sets  of  dynamics:  one  a  third-order  plant  typioal  of  aircraft  pitoh 
dynamics,  and  the  other  a  time-varying  first-order  instability.  The  results 
showed  that  hypoxia  produoed  a  aignifioant  performance  degradation  in  the  more 
difficult  unstable  traoking  teak,  but  had  no  measurable  effect  in  the  less 
difficult  pitoh- traoking  task. 

The  implication  is  that  the  task  dynamics  should  be  chosen  to  make  the  task 
fairly  difficult,  if  stress  ef foots  are  to  show  up.  The  first-order  unstable 
dynamios  of  the  "oritioal  traoking  task,"  developed  and  desoribsd  by  Jex  et  al 
(1966),  and  used  by  Replogle  et  al  (1970),  provide  this  required  potential  for 
task  diffloulty  and  performance  aenaitivity. 

A  drawbaok  of  the  oritioal  task,  however,  is  the  faot  that  only  a  single 
measurement  is  produoed:  the  maximum  value  of  the  unstable  plant  pole 
oontrollable  by  the  subjeot.  Changes  in  this  value,  or  its  inverse,  the 
operator's  effective  time  delay  <  ‘ex  et  al  (1966)),  might  be  simply  correlated 
with  ohanges  in  operator  stress,  but  suoh  changes  would  not  serve  as  the  basis 
for  identifying  specific  stressor  affects.  This  is  beoause  of  the  faot  that  gn& 
stressor  whioh  served  to  degrade  tha  operator's  Information  processing  ability 
(suoh  as  his  peroeptual  threshold),  would  be  interpreted  as  an  inorease  in 
operator  time  delay.  Thus,  although  the  oritioal  task  provides  the  required 
sensitivity,  it  does  not  provide  the  capability  for  differentiating  among 
qualitatively  different  stressors. 

This  dofioienoy  can  bs  remedied,  however,  by  utilising  unstable  dynamios 
with  a  fixed  instability,  in  conjunction  with  an  input  disturbance  signal  whioh 
sots  to  continuously  disturb  the  system.  This  "suboritioal  traoking  task"  (Jex 
et  al  (1966)),  allows  for  an  efficient  steady-state  analysis  of  operator 
performance,  with  an  abundanoe  of  performance  metrlos,  whioh  provide  the 
potential  for  differential  sensitivity  to  different  stressors.  We  thus  oentered 
our  attention  on  the  suboritioal  task;  tha  next  seoticn  disousaea  our  efforts  in 
this  arse. 


2.  TRACKING  TASK  DESIGN 

Design  of  the  traoking  task  waa  conducted  by  simulating  traoking 
performance  under  a  variety  of  conditions,  using  the  optimal  oontrol  model  (OCM) 
of  the  human  operator  (see  Kleinman  et  al  (1970)  for  a  description  of  the 
model).  This  allowed  us  to  rapidly  evaluate  different  task  designs,  and  examine 
speoifio  task  sensitivity  to  a  number  of  simulated  stressors. 
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Model  treatment  of  stressor  effeota  was  predioated  on  the  notion  that  a 
stressor  serves  to  degrade  the  operator's  basic  information  processing 
capabilities,  and  that  a  particular  stressor  acts  on  speoiflo  capabilities, 

|  depending  on  the  nature  of  the  stressor.  Xn  terms  of  the  OCM,  s  stressor  would 

!  affeot  the  parameters  associated  with  information-prooessing  ability i  the 

{  observation  noise/signal  ratio,  time  delay,  motor  time  oonstant,  etc.  Further, 

|  the  effeot  of  a  speoiflo  stressor  (suoh  as  target  oamouflage),  would  be 

refleoted  as  a  change  in  a  speoiflo  model  parameter  (suoh  as  observation  noise), 

1  allowing  for  a  dlreot  categorization  of  stressors  In  terms  of  their  effeots  on 

|  speoiflo  model  parameters  associated  with  information  processing. 

I  The  basic  traoking  task  we  ohose  to  simulate  is  shown  in  Figure  1.  This 

|  compensatory  single-axis  task  utilizes  the  fixed  first-order  unstable  dynamios 

of  the  suboritioal  task,  in  oonjunotion  with  an  input  dlsturbanoe  having  a 
first-order  power  speotral  density  funotion,  and  an  RMS  value  of  unity. 


I 


Figure  It  Traoking  Task  Blook  Diagram 


Our  initial  design  objective  was  to  speoify  values  for  the  plant  pole  X  and 
noise  break  frequenoy  a.  Xn  our  simulations,  the  human  operator  was  replaoed  by 
the  OCM,  and  varying  stress  levels  were  simulated  by  varying  the  model's 
observation  nolse/algnal  ratio.  All  other  model  parameters  were  fixed  at 
"nominal"  values  oonslstent  with  levels  associated  with  previous  researoht  time 
delay  ■  200  mseo,  motor  time  oonstant  •  100  mseo,  and  motor  noise/signal  ratio 
negligibly  small.  By  varying  the  observation  noise  about  a  nominal  -23  dB 
value,  we  were  then  able  to  generate  sensitivity  ourvea  relating  traoking  error 
to  observation  noise,  for  a  speolfio  task  parameter  set  (X,a).  Several  of  these 
simulations  (desoribed  by  Zaoharias  and  Levison  (1976))  led  us  to  the  oonolusion 
that  a  moderate  instability  ( X  ■  2  rad/seo)  oombined  with  a  low  bandwidth  noise 
(a  ■  0.5  rad/seo)  provided  the  best  compromise  between  stressor  insensitivity 
and  task  unoontrollabillty. 
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With  these  task  parameter  values  set,  we  then  prooeeded  to  investigate 
sensitivity  of  other  task  metrios  to  other  model  parameter  variations. 
Performance  sensitivity  to  four  parameters  was  explored:  time  delay,  motor  time 
constant,  observation  noise/signal  ratio,  and  motor  noise/signal  ratio.  The 
operator  was  assumsd  to  use  both  position  and  rate  information,  and  separate 
observation  noise  prooesses  ("position  noise"  and  "rate  noise")  were  assooiated 
with  these  quantities.  The  corresponding  noise/signal  ratios  were  varied 
jointly  to  simulate  a  ohange  in  the  overall  observation  noise  ratio,  and  varied 
individually  to  represent  seleotive  decrements  in  the  ability  to  obtain  and  use 
these  informational  quantities. 

Figure  2  shows  the  dependence  of  both  tracking  error  and  stick  rate 
varlanos  on  ohangss  in  the  various  model  parameter#.  In  eaoh  plot,  the 
left-most  arrow  indioatea  the  assumed  nominal  value  for  that  particular 
parameter}  the  next  arrow  indicates  the  parameter  value  assooiated  with  a 
doubling  of  the  nominal  soore}  the  right-most  arrow  indioatea  a  quintupling 
value.  These  plots  show  that,  for  example,  a  ohange  in  observation  noise  from 
-23  dB  to  -20  dB  oannot  be  differentiated  from  a  ohange  in  time  delay  from  0.2 
seo  to  0.27  seo  when  only  traoking  error  is  measured,  sinoe  both  parameter 
ohanges  result  in  an  ldsntical  doubling  of  the  soore. 

At  least  one  of  the  parameters,  howsver,  oan  be  differentiated  from  the 
others  by  considering  measures  other  than  traoking  soore.  Figure  2  shows  that 
all  of  the  stiok  rate  soores  inoreaae  with  increasing  traoking  errors  exoept  in 
the  oase  of  the  motor  time  oonstant.  Here  stiok  rate  aotually  decreases, 
reflsoting  the  lower  bandwidth  of  the  human  operator.  Thus,  oonfronted  with  a 
measured  inorease  in  traoking  score,  an  experimenter  oould  deoide  whether  or 
note  there  has  been  a  ohange  in  the  motor  time  oonstant  by  simply  examining  the 
assooiated  ohange  in  the  stiok  rate  soore. 

If  it  were  determined  that  a  ohange  in  the  motor  time  oonstant  were  nab. 
responsible  for  the  traoking  error  inorease,  then  the  experimenter  would  be 
faoed  with  differentiating  among  the  remaining  parameters.  Figure  3  shows  the 
dependence  of  the  normalised  remnant  speotrum,  obtained  by  reflecting  the 
stoohastio  portion  of  the  operator’s  oontrol  response  to  an  equivalent 
peroeptual  disturbance  on  error  rats,  normalised  with  respeot  to  mean-squared 
error  rate  (Levison  at  al  (1969)).  Remnant  ourves  are  parameterised  against 
those  model  parameter  values  associated  with  the  nominal  case  and  with  the 
doubled  and  quintupled  error  scores  of  Figure  2. 

A  ohange  in  eaoh  of  the  model  parameters  results  in  a  distinctive  ohange  in 
the  remnant  speotrum.  An  inorease  in  overall  observation  noise  results  in  an 
inorease  in  the  remnant  level  at  all  frequencies.  On  the  other  hand,  an 
inorease  in  position  noise  selectively  increases  low-frequenoy  remnant,  whereas 
an  inorease  in  rate  noise  seleotively  inoreases  remnant  it  high  frequencies.  An 
inorease  in  motor  noise  also  inoreases  high-frequenoy  remnant,  but  in  a 
different  fashion.  An  inorease  in  time  delay  results  in  little  remnant  ohange. 
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Figure  2.  Traoklng  Soore  and  Stiok  Rata  Sanaltivity. 

Thua,  ohangaa  in  rannant  behavior,  in  eonjunotion  with  relative  ohangaa  in  error 
and  atiok  rata  aooraa,  oould  allow  ona  to  identify  tha  information-prooeealng 
parameter  raaponaibla  for  tha  ohanga  in  traoklng  performance. 

A  partial  oroas-oheok  oan  ba  provided  by  examining  ohangaa  in  tha 
operator's  daaoribing  funotion,  shown  in  Pigura  4.  Changas  in  poaition  noiaa 
hava  llttla  offset  hara,  and  thus  tha  daaoribing  funotion  bahavior  oould  asrve 
to  isolate  tha  position  noisa  parameter  from  tha  others.  In  addition,  an 
inoraass  in  tha  time  delay  results  in  a  distinctive  ohanga  in  tha  resonanoe  peak 
(with  raapaot  to  both  poaition  and  sharpness)  and  in  tha  bahavior  near 
reaonanoe;  these  oharaotariatioa  oould  serve  to  distinguish  a  ohanga  in  tine 
delay  fron  ohangaa  in  the  motor  tins  oonstant  and  noise  parameters. 

These  results  danonatrata  that  a  ohanga  in  a  single  information-prooeasing 
nodal  parameter  results  in  a  oonotallatlon  of  ohanges  in  tha  several  parformanoa 
metrics  considered.  If  a  stressor  serves  to  direotly  affaot  an  operator's 
information  prooassing  capabilities,  then  the  distinotive  differences 
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Figure  3.  Normalized  Remnant  Senaitlvi'ty 
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demonatrated  here  oould  aerve  aa  a  baaia  for  identifying  the  nature  of  the 
atreaaor,  in  terma  of  ita  Impact  on  a  apaoifio  information  prooeaaing 
capability.  The  task  of  Figure  1  waa  ohoaen  aa  the  baaio  deaign  for  our 
experimental  validation  effort. 

3.  EXPERIMENT  DESCRIPTION 

There  were  three  objeotivea  to  our  experimental  etudyt  a)  determine  the 
amount  of  training  needed  to  enaure  oonalatent  operator  traoking  performanoe  on 
the  ohoaen  teak)  b)  validate  the  aenaitivity  of  the  taak  to  a  change  in  the 
operator  environment]  and  o)  validate  the  differential  aenaitivity  of  the  taak 
and  ita  utility  in  iaolating  different  atreaaor  effeota. 


Figure  4.  Describing  Funotlon  Sensitivity 


3.1  Xaik  Dnoclatlnn, 

A  blook  diagram  of  tha  traoking  task  haa  alraady  baan  illuatratad  in  Flgura 
1 .  Tha  subject  was  providad  a  compensatory  arror  diaplay  and  foroa  oontrol 
atiok  for  stabilizing  tha  plant  and  oompanaating  againat  tha  input  diaturbanoa 
signal . 

Traoking  arror  waa  diaplayad  on  a  10  om  by  6  on  osoilloaoopa  faee,  with  1 
am  horizontal  and  vartioal  grid  lines  providing  a  stationary  rafaranoa.  Tha 
outside- in  display  oonsistad  of  a  vartioal  bar  2.6  om  long,  deflea ted 
proportionally  to  traoking  arror.  Tha  display  was  oentered  in  azimuth 
approximately  60  om  from  tha  subjeot,  so  that  one  centimeter  of  display 
displacement  resulted  in  approximately  one  degree  of  angular  displacement . 
Subjects'  sitting  heights  ware  suoh  that  the  display  elevation  angle  was  within 
10  degrees  of  eye  level. 

Subjeots  used  a  left-right  foroa  oontrol  stlok  with  an  arm  rest  for  the 
subj sot's  arm  and  hand.  Sinoe  only  5  om  of  tha  stick  were  available  for 
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grasping,  subjects  used  a  combination  or  finger  and  thumb  grips  for  manipulating 
the  stick.  Stick  stiffness  was  suoh  that  one  pound  of  force  applied  to  the  top 
end  of  the  stick  resulted  in  approximately  1  mm  of  lateral  stick  displacement. 
Stiok  gain  was  chosen  so  that  1  pound  of  foroe  resulted  in  a  5  om  plant  command, 
a  level  which  provided  adequate  controllability  without  being  overly  sensitive. 

The  input  disturbance  signal  was  oonatruoted  from  13  sinusoids.  Their 
amplitudes  were  seleoted  so  that  the  input  signal  power  spectral  density  (PSD) 
approximated  the  continuous  PSD  funotion  given  in  Figure  1;  the  break  frequency 
was  set  at  0.5  rad/seo.  RMS  input  signal  level  was  set  at  1  om. 

To  prevent  subjeots  from  learning  the  input  waveform  during  the  oourse  of 
the  experiment,  a  random  number  generator  was  used  to  vary  the  phase 
relationships  of  che  input  signal  sinusoids  from  one  traoking  run  to  the  next. 
The  input  was  thus  "random-appearing"  to  the  subjeots. 

The  plant  dynamics  consisted  of  the  first-order  instability  of  Figure  1, 
oasoaded  with  a  simple  dead-time  aasooiated  with  the  digital  Implementation  of 
the  traoking  loop  (see  below).  Plant  gain  was  set  at  unity,  and  the  instability 
pole  was  set  to  2  rad/seo.  The  dead-time  was  oaloulated  from  an  input-output 
system  measurement,  and  found  to  be  32  mseo. 

The  traoking  loop  was  implemented  on  a  digital  oomputer,  with  the  display 
and  stiok  providing  the  analog  inter faoes  to  the  human  operator.  The 
programmable  digital  system,  developed  speoifioally  for  human  operator  traoking 
experiments,  is  described  in  detail  by  Zaoharias  and  Levison  (1978).  In  brief, 
the  system  provides  the  investigator  with  a  simplified  means  of  defining  the 
desired  traoking  task,  automated  calibration  of  the  interface  hardware, 
real-time  control  of  the  traoking  experiment,  storage  of  the  traoking  time 
histories,  and  post- experimental  analysis  of  traoking  performance. 

To  investigate  the  sensitivity  of  the  traoking  task  to  ohangea  in  the  task 
environment,  two  simulated  stressors  were  used  in  the  experiment.  One,  the 
"diffused"  condition,  simulated  "visual  noise"  Imposed  on  the  traoking  display, 
and  consisted  of  a  diffused  display  error  bar.  By  inserting  a  translucent  sheet 
between  the  display  grid  lines  and  the  face  of  the  display,  the  vertioal  bar 
could  be  diffused  over  a  width  of  approximately  one  om,  without  affecting  the 
display  reference  provided  by  the  grid  lines.  The  seoond,  the  "delayed" 
condition,  simulated  a  stressor  whioh  sots  to  inorease  the  operator's  central 
processing  time  (e.g.,  via  oonfusion,  ambiguity,  eto.),  and  was  implemented  by 
adding  a  time  delay  to  the  plant  dynamics.  A  speoifio  delay  value  of  40  mseo 
was  ohoaen,  and  was  oasoaded  with  the  system's  32  msec  dead-time  mentioned 
above . 
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Six  male  oollege  students  between  the  ages  of  18  and  29  years  of  age  were 
used  as  subjects.  All  were  right-handed  and  had  normal  visual  acuity,  although 
some  wore  corrective  lenses. 

A  traoking  run  lasted  for  185  seconds.  Three  suoh  tracking  runs, 
interspersed  with  one  minute  rest  intervals,  comprised  a  bloOk  of  runs.  Pour 
suoh  blooks,  Interspersed  with  15-minute  rest  intervals  outside  of  the  subject 
room,  comprised  a  normal  day's  traoking  session  for  eaoh  subject.  The  overall 
experiment  was  oonduoted  over  a  month's  time. 

The  experiment  was  oonduoted  in  three  phases,  consisting  of  an  initial 
training  phase,  an  intermediate  training  phase  on  the  stressed  conditions,  and  a 
control  phase  on  the  three  experimental  conditions. 

Initial  Training  Phase 

Gaoh  subject  was  instructed  as  to  the  task  dynamios  involved,  and  the 
objective  of  minimizing  traoking  score.  The  subjeot  was  then  allowed  an  initial 
praotioe  session  to  gain  familiarity  with  the  task  dynamios  and  the  input 
signal  oharaoteristios. 

Tracking  score  was  reported  to  the  subjeot  at  the  end  of  eaoh  run,  and  the 
subjeot  was  encouraged  to  modify  his  hand  grip,  gaze,  and  traoking  strategy  in 
any  manner  he  felt  whioh  would  help  minimize  his  traoking  soore.  Eaoh  subjeot 
was  also  allowed  to  view  a  plot  of  his  run-to-run  soore  history,  to  assess  his 
progress  in  learning  the  task.  To  maintain  motivation,  sbbjeots  were  also  made 
aware  of  eaoh  other's  soores. 

Because  of  early  system  Implementation  difficulties,  the  phases  of  the 
input  signal  sinusoids  were  not  varied  from  run-to-run  during  initial  training. 
Thus,  the  same  Input  signal  was  used  for  all  traoking  runs,  and  the  subjects  had 
the  opportunity  of  "learning”  the  input. 

Intermediate  Training  Phase 

Eaoh  subjeot  participated  in  a  seoond  training  phase,  and  trained  under  the 
three  oonditions  whioh  were  to  be  used  in  the  following  oontrol  phase.  One  of 
the  oonditions  ("nominal")  was  the  same  as  that  used  during  initial  training, 
exoept  that  the  input  signal  was  randomized  from  run-to-run,  to  eliminate 
possible  input  signal  "learning"  ef feats.  The  other  two  oonditions,  "diffused" 
and  "delayed,"  also  incorporated  input  signal  randomization, 

Eaoh  subjeot  participated  in  three  training  sessions,  with  eaoh  day's 
session  devoted  exclusively  to  one  of  the  three  oonditions.  A  balanoed  design 
aoross  subjeots  was  ohosen  to  compensate  for  possible  sequential  learning 
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effects.  Eaoh  session  consisted  of  four  three-run  blooks,  to  yield  12  training 
runs  per  condition  per  subject. 

Control  Phase 

Eaoh  aubjeot  participated  in  the  third  (control)  phase  of  the  experiment, 
direoted  at  comparing  traoking  performance  under  the  three  oonditione.  The 
traeking  task  and  the  three  oonditione  were  identioal  to  those  uaed  in  the 
previous  training  phase,  and  only  the  order  of  preaentatlon  and  nuaber  of 
replications  were  different.  This  oontrol  phase  was  completed  in  a  single 
session  of  four  three-run  blooks,  with  eaoh  condition  presented  ones  per  blook. 
A  balanoed  design  was  ohosen  to  minimize  possible  within  and  between  blook 
ordering  effeots,  and  yielded  four  replioations  per  subjeot  per  oondltion. 

3.3  Dots  icaatniag 

The  primary  data  obtained  from  the  traoking  runs  consisted  of  traoking 
aooroa  (errors,  stlok,  and  stiok  rate),  describing  functions  (gain  and  phase), 
and  normalised  remnant. 

Traoking  soores  were  oaloulated  for  eaoh  individual  run,  and  oonsisted  of 
the  varianoe  of  the  display  error,  stiok,  and  stiok  rate.  The  latter  two  soores 
were  obtained  in  units  of  equivalent  plant  oommand  (00  and  om/seo),  by 
multiplying  the  reoorded  stiok  signal  (in  units  of  Ibf)  by  the  stiok  gain 
(om/lbf).  Sinoe  the  stiok  rate  signal  was  not  saved  during  a  treoking  run,  it 
was  oomputed  from  the  stiok  history,  using  a  frequency  domain  differentiation 
technique  (see  Zaoharias  and  Levison  (1978)  for  details). 

Desoribing  funotions  were  oaloulated  for  eaoh  oontrol  phase  run.  Osin  and 
phase  values  were  calculated  at  eaoh  frequenoy  oontalned  in  the  input 
disturbanoe,  by  dividing  the  Fourier  transform  of  the  stiok  signal  by  the 
transform  of  the  display  error.  Sinoe  the  digital  implementation  introduced  a 
32  msec  phase  shift  in  the  measurements,  all  human  operator  describing  functions 
were  oorreoted  for  this  shift. 

Phase  measurements  assooiated  with  the  time  delay  oase  were  sIbo  adjusted 
by  the  addition  of  a  40  mseo  lag,  corresponding  to  the  40  maeo  dead-time  present 
in  the  plant  dynamics  used  in  this  oase.  In  this  way  the  time  delay  was 
assooiated  with  the  human  operator  rather  than  the  plant  dynamios,  so  that  the 
delayed  oondltion  simulated  the  effeot  of  any  stressor  serving  to  inorease  the 
operator's  processing  time  by  40  mseo. 

Estimates  of  normalized  remnant  were  obtained  by  partitioning  the 
equivalent  stiok  speotrum  into  input- correlated  and  remnant- related  components, 
and,  at  eaoh  input  disturbaroe  frequenoy,  oaloulating  the  equivalent  remnant 
power  referred  to  display  error  rate,  and  normalizing  by  the  varianoe  of  the 
display  error  rate.  The  mathematical  details  are  disoussed  in  Levison  et  al 
(1969). 
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The  input-oorrelated  and  remnant-related  components  or  the  stick  speotrum 
were  also  used  to  oaloulate  the  correlated- to- remnant  power  ratio  (C/R)  at  eaoh 
input  disturbance  fraquenoy,  If  a  C/R  ratio  was  found  to  be  less  than  6  dB 
(indicating  that  more  than  20%  of  the  response  power  at  that  fraquenoy  was 
unoorrelatad  with  the  input)  the  corresponding  describing  function  gain  and 
phase  values  were  exoluded  from  the  data  base. 


4.  EXPERIMENTAL  RESULTS 

4.1  Results  of  Initial  Training  Phase 

Eaoh  subjeot  successfully  oompletad  48  training  runs.  Beoause  of  Initial 
difficulty  with  the  task,  subjeots  occasionally  tracked  at  an  input  disturbance 
RMS  level  of  0.5  cm,  rather  than  the  nominal  1.0  om.  To  provide  a  fair  base  of 
comparison  with  scores  obtained  under  nominal  conditions ,  soores  obtained  with  a 
0.5  cm  RMS  input  were  doubled  under  the  assumption  of  approximate  operator 
linearity.  A  total  of  24  suoh  run  soores  were  adjusted,  out  of  a  total  number 
of  288  runs  completed  by  the  six-subject  population. 

Figure  5  shows  tracking  soore  dependence  on  run  number,  averaged  aorosa  the 
eix  subjeots.  Population  means  and  standard  deviations  are  indicated  by  the 
dots  and  bars,  respectively.  Although  48  runs  per  subjeot  were  oonduoted,  the 
figure  shows  a  substantial  reduction  in  traoking  soore  by  about  he  15th  trial t 
by  the  30th  trial,  traoking  soore  was  within  201  for  the  soores  obtained  at  the 
end  of  training. 

4.2  Results  of  Intermediate  Training  Phase 

Eaoh  subjeot  oompleted  36  intermediate  training  runs,  12  on  eaoh  oondition. 
It  was  antioipated  that  training  times  under  all  three  oondltlone  would  be 
oonsiderably  shorter  than  that  seen  during  initial  training.  This  is  confirmed 
by  the  traoking  soore  histories  shown  in  Figure  6.  The  nominal  training  data 
show  no  evidenoe  of  a  "learning"  ourve,  and  the  diffused  and  delayed  oondltions 
show  a  relatively  short  learning  period,  on  the  order  of  5  runs. 


4.3  Bggulta  of .Contral .fhaafl 

Eaoh  subjeot  oompleted  12  control  runs,  four  on  eaoh  oondition.  Traoking 
soores  and  frequency  domain  measures  were  oaloulated  for  eaoh  traoking  run,  and 
averaged  aorosa  the  four  replioatlons  oompleted  by  eaoh  subjeot  under  eaoh 
oondition.  Means  were  then  averaged  aorosa  subjeots,  to  obtain  overall 
statistical  measures  of  performance  with  oondition.  To  test  for  slgnifioant 
differenoes  between  oondltions,  paired  differences  were  formed  from 
corresponding  subjeot  means,  and  subjeoted  to  two-tailed  t-tests. 
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Figure  6 i  Tracking  Scort  Histories  (six 
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Figure  Si  Tracking  Scora  History  During 
Initial  Training  (tlx  subject 

average) 


Figure  7  shows  aoort  variations  due  to  the  differing  task  conditions. 
Although  the  standard  deviations  are  oomparable  aoross  oonditions,  the  soore 
means  show  an  lnorease  of  about  BOS  over  nominal,  when  subjects  traok  under  the 
diffused  or  delayed  oonditions.  Similar  trends  are  seen  with  the  stiok  and 
stiok  rate  soores.  The  table  shows  that  traoking  soore  is  slgnifioantly 
different  aoross  oonditions,  as  is  the  stiok  soore]  the  stiok  rate  soore, 
however  Indicates  a  significant  difference  only  when  nominal  traoking  is 
oompared  with  delayed  traoking. 

Figure  B  summarizes  the  frequenoy  domain  measures  associated  with  the 
nominal  traoking  oondition]  means  and  standard  deviations  for  the  six-subjeot 
population  are  indioated  by  the  error  bars  at  eaoh  frequenoy.  The  gain  data 
show  integrator-like  response  at  loW  frequenoies,  and  a  resonanoe  at 
approximately  20  rad/seo.  The  aoross-subjeot  varianoe  in  gain  is  least  in  the 
midband,  with  larger  deviations  at  both  ends  of  the  measurement  speotrum.  The 
phase  data  show  a  nearly  oonstant  lag  in  the  neighborhood  of  40  deg,  at  the  low- 
and  mid- frequenoies,  and  then  drop  off  rapidly  in  the  neighborhood  of  the 
resonant  frequenoy.  Gxoept  for  the  three  highest  measurement  frequenoies,  the 
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phase  data  are  oharaoterized  by  very  small  aoroaa-aubject  varianoes.  The 
normalized  remnant  data  show  a  distinctive  "washout**  pattern  over  the 
measurement  frequencies,  with  a  break  frequency  of  approximately  4  rad/sea. 
Exoept  at  the  loweat  measurement  frequenolea,  where  there  are  fewer  frequenoiea 
over  whioh  to  do  remnant  averaging,  the  data  are  oharaoterized  by  very  small 
aoroaa-aubjeot  varianoes. 

Similar  trends  with  frequency  ware  found  for  the  data  asaooiated  with  the 
diffused  and  delayed  oonditiona.  Figures  9  and  10  provide  a  direot  pairwise 
oompariaon  of  the  mean  frequency  response  measures  obtained  under  the  three 
different  oonditiona,  along  with  the  aignifioanoe  levels  aasooiated  with  the 
dlfferenoea.  (Means  having  no  asaooiated  aignifioanoe  symbol  were  found  to  be 
not  significantly  different,  at  the  0.05  level.) 

Figure  9  provides  a  comparison  of  nominal  traoking  with  traoking  under 
diffused  display  oonditiona.  At  the  low-  and  mid-frequenoies,  operator  gain  is 
aignifioantly  lower  with  the  diffused  display.  In  the  neighborhood  of  10 
rad/aeo  this  gain  difference  beoomes  insignificant;  at  16  rad/seo,  diffused 
display  oonditiona  are  oharaoterized  by  a  higher  gain,  whioh  appears  to  drop  off 
rapidly  at  higher  frequenoies.  These  high-frequenoy  gain  trends  are  oonsistent 
with  a  downward  shift  of  the  resonant  frequency,  when  going  from  a  nominal 
display  to  the  diffused  display. 

The  phase  data  show  no  significant  differences  at  the  low-  and 
mid-frequenoies.  However,  in  the  region  from  8  to  20  rad/seo,  the  diffused 
display  results  in  aignifioantly  greater  phase  lags.  The  laok  of  a  signifioant 
phase  differenoe  at  the  highest  frequenoy  is  oonsistent  with  a  "rejoining**  of 
the  two  phase  ourves. 

The  remnant  data  show  that  although  the  dlfferenoea  are  slight,  all  of  the 
remnant  means  are  higher  with  the  diffused  display,  and  almost  half  of  the 
differences  are  signifioant.  The  trends  seen  are  oonsistent  with  an  overall 
inorease  in  the  remnant  level,  over  the  entire  speotrum. 

Figure  10  provides  a  oompariaon  of  nominal  traoking  with  traoking  under 
delayed  oonditiona.  The  low-  and  mid-frequenoy  gains  are  aignifioantly  lower 
with  the  time  delay  present.  At  8  rad/seo  the  differenoe  beoomes  inslgnlfioant, 
and  above  that  the  delayed  oonditiona  are  oharaoterized  by  higher  than  nominal 
gains.  Again,  the  high-frequenoy  gains  trends  are  oonsistent  with  a  drop  in  the 
resonant  froquenoy,  when  going  from  nominal  traoking  to  delayed  traoking. 

The  phase  data  show  signifioant  dlfferenoea  throughout  the  speotrum,  exoept 
at  the  very  lowest  frequenoy  whioh  has  asaooiated  with  it  relatively  large 
varianoe  measurements,  and  In  the  neighborhood  of  5  to  8  rad/seo.  Although  not 
apparent  from  the  figure,  the  low- frequenoy  lags  are  leas  with  the  time  delay 
present,  and  thus  lead  the  nominal  data  in  this  region.  The  high-frequenoy  lags 
are  olearly  greater  with  the  delay  present,  and  thus  the  phase  relations  are 


reversed  from  that  seen  at  the  low  frequencies.  The  5  to  8  rad/aeo  neighborhood 
In  whloh  no  significant  differences  are  seen  is  the  lead-lag  transition  region. 

The  raanant  data  show  no  obvioua  differences  at  the  low-  and 
mid- frequencies |  at  the  high  frequencies,  the  delayed  traoking  oondition  is 
characterized  by  lower  than  nominal  remnant  levels.  The  faot  that  only  two  of 
the  means  are  (marginally)  signifioantly  different  suggests  that  the  time  delay 
has  little  effeot  on  the  measured  remnant  levels. 

4.4  flitamalfla-fll .BebmIbibUI  Remit ■ 

The  initial  training  phase  showed  that  the  moat  significant  reduotion  in 
traoking  score  ooourred  within  the  first  15  trials,  and  that  by  the  30th  trial, 
scores  were  within  20%  of  their  asymptotic  levels.  Aoross  subject  varlanoe 
showed  a  similar  reduotion  with  run  number.  This  suggests  that  subjeots  can 
learn  the  task  relatively  rapidly,  and  that  consistent  results  can  be  obtained 
and  maintained  with  a  relatively  small  subjeot  population,  and  witn  a  small 
Investment  in  training. 

The  intermediate  training  phase  confirmed  the  asymptotio  performance  of  the 
subjeots  on  the  nominal  task,  and  was  charsoterized  by  considerably  shorter 
training  times  on  the  two  stressed  traoking  tasks.  Asymptotio  performance  on 
the  two  stressed  oonditiona  was  reaohed  in  approximately  five  runs,  suggesting 
that  onoe  the  nominal  task  is  Learned  by  the  subjeots,  asymptotio  performance 
under  off-nominal  conditions  oan  be  attained  relatively  qulokly. 

The  oontrol  phase  showed  that  traoking  error  and  stlok  displacement  soores 
were  significantly  higher  under  the  two  stressed  oonditiona,  with  increments  on 
the  order  of  305  over  nominal .  Stiok  rate  soore  differences  were  not 
signifioantly  different,  exoept  when  comparing  nominal  with  delayed  traoking. 

Frequency  response  measures  showed  the  same  baslo  trends  with  frequenoy, 
for  all  three  traoking  conditions.  A  comparison  of  the  measured  frequency 
response  given  in  Figures  9  and  10,  with  the  model  predictions  of  Figures  3  and 
4,  shows  that  the  model  prediots  the  basic  trends  with  frequenoy,  with  a  nominal 
operator  parameter  set.  Since  the  measured  response  under  the  stressed 
conditions  differs  only  slightly  from  that  made  under  nominal  conditions,  the 
implication  is  that  the  model  parameters  need  only  be  ohanged  slightly  from 
their  nominal  values,  to  aooount  for  the  effeots  of  either  stressor. 

Four  baslo  features  characterize  the  ohanges  in  the  frequenoy  response 
measures  when  going  from  the  nominal  traoking  oondition  to  the  diffused 
oondition  (see  Figure  9):  a)  a  lowering  of  the  low-  and  mld-frequenoy  gain;  b) 
a  deorease  in  the  resonant  peak  frequenoy;  o)  an  inorease  in  the  high-frequenoy 
phase  lag;  and  d)  an  overall  increase  in  remnant  level.  A  review  of  the  model's 
predicted  frequenoy  response,  given  in  Figures  3  and  4,  show  that  these  ohanges 
oan  be  interpreted  as  simply  an  inorease  in  the  overall  observation  noise/ signal 


ratio.  Although  variations  in  other  parameters  might  aooount  for  the  describing 
function  changes,  none  of  them  produce  the  observed  overall  increase  in  remnant 
level.  Thus i  if  one  parameter  were  to  be  identified  with  the  changes  observed 
with  the  diffused  display  condition,  the  best  candidate  would  be  the  overall 
observation  noise/signal  ratio.  The  faot  that  an  increase  In  this  noise  level 
parameter  oan  qualitatively  aooount  for  the  changes  seen  with  diffused  display 
traoking  is  intuitively  satisfying,  sinoe  one  might  very  well  expeot  a  diffuse 
display  to  introduoe  visual  "noise'4  into  the  traoking  loop. 

Similar  ohanges  are  seen  when  going  from  the  nominal  traoking  condition  to 
the  delayed  oondition  (Figure  10),  with  the  exoeption  that  remnant  level  remains 
effeotively  unchanged  from  its  nominal  level.  For  the  delayed  ossa,  one  oan 
thus  eliminate  from  consideration  an  inorease  in  the  operator's  observation 
noise/signal  ratio.  The  model's  prsdioted  frequency  response  (Figures  3  and  4) 
instead  argues  for  a  change  in  the  operator's  time  delay,  the  only  parameter 
whioh  aooounts  for  the  observed  desoribing  function  ohanges  aq4  the  laok  of 
ohanges  observed  in  remnant  level.  The  faot  that  this  parameter  is  effeotively 
identified  from  the  measurements  made  under  the  delayed  conditions  further 
serves  to  verify  this  comparative  approach  baaed  on  model  predictions. 

Although  tho  disoussion  has  bean  somewhat  qualitative,  one  oan  oonolude 
that  the  traoking  task  is  oapable  of  differentiating  between  the  effeots  of  two 
different  stressors.  The  approach  requires  only  a  brief  comparison  of  the 
measured  frequency  response  with  the  human  operator  model  prediotlons,  to 
isolate  the  model  parameter  ohange  most  likely  responaible  for  the  measured 
ohangs  under  the  stressed  traoking  oondition.  It  is  anticipated  that  suoh  an 
approaoh  would  be  quite  aatlafaotory  for  a  screening  evaluation  of  traoking 
stressors;  however,  it  is  the  intent  hero  to  provide  a  more  rigorous 
justification  for  this  approach,  and  the  next  seotion  addreases  the  problem  in  a 
more  quantitative  manner. 


5.  MODEL  ANALYSIS 

A  detailed  model  analysis  of  the  data  was  oonduoted  using  the  optimal 
oontrol  model  (OCM)  of  the  human  operator.  The  primary  objective  was  to  express 
stressor  effeots  in  terms  of  model  parameter  ohanges,  so  as  to  provide  a 
quantitative  basis  for  the  arguments  made  above.  A  seoondary  objeotive  was  to 
demonstrate  the  model's  utility  in  reduoing  the  amount  of  data  needed  to 
oharaoterlze  traoking  performance,  by  oondenslng  a  large-dimension  data  vector 
to  a  small-dimension  modal  parameter  veotor. 

5.i  Analysis  Praoidurs 

The  method  for  identifying  model  parameters  was  similar  to  that  used  in 
earlier  study  programs  and  dssoribed  by  Levison  at  al  (1976).  Parameter  valuea 
were  sought  whioh  would  match  the  various  metrios  of  the  model  to  the 


corresponding  experimentally  derived  metrios:  performance  scores,  describing 
funotion  gain  and  phase,  and  remnant  level.  The  matching  was  accomplished  by 
minimizing  a  scalar  oost  funotion  obtained  by  summing  component  matching  errors, 
where  each  component  was  computed  from  the  sum  of  the  normalized  squared 
differences  between  model  metric  and  experiment  mean;  normalization  was 
aooomplished  by  dividing  the  difference  by  the  associated  experimental  standard 
deviation. 

The  model  matohing  effort  was  conducted  for  eaoh  of  the  three  data  sets 
obtained  under  the  three  oonditions  tested  in  the  experimental  oontrol  phase: 
nominal,  diffused,  and  delayed.  No  attempt  was  made  to  hold  partioular 
parameter  values  constant  aoross  oonditions;  instead,  a  global  Search  of  model 
parameter  values  was  made  for  eaoh  data  set,  to  arrive  at  three  separate 
parameter  sets,  one  for  eaoh  condition. 

The  optimal  oontrol  human  operator  model  used  in  this  analysis  is  described 
in  detail  by  Levison  at  al  (1976).  As  in  the  earlier  task  design  phase,  the 
model  was  used  in  a  simulation  of  the  traoking  task  shown  in  Figure  1.  The  32. 
mseo  dead-time  aaaooiated  with  the  digital  Implementation  was  simulated  by 
oasoading  a  first-order  Pade  with  the  plant  dynamics,  as  was  the  40  msec 
additional  dead-time  associated  with  the  time  delayed  condition. 

5.2  Analvaia  Result a 

Table  1  presents  the  parameter  values  obtained  from  the  model  matohing 
effort,  for  the  three  experimental  oonditions.  The  last  row  of  the  table  gives 
the  resulting  normalized  matohing  score  and  shows  that  the  matohing  errors  range 
between  0.5  and  0.7  standard  deviation. 

An  inoreaae  in  time  delay  is  one  of  the  primary  effeots  seen  with  either  of 
the  two  stressed  oonditions:  the  diffused  display  results  in  an  11%  inoreaae 
over  the  nominal  condition  delay,  and  the  time  delay  results  in  a  23%  inoreaae. 

The  observation  noise/ signal  ratios  show  that  a  best  fit  is  obtained  when 
rate  information  is  considered  to  be  a  noisier  variable  than  position 
Information,  by  a  consistent  2  dB  aoross  oonditions.  More  relevant  to  the 
stressor  identification  problem,  however,  is  the  faot  that  the  delay  condition 
is  oharaoterized  by  an  observation  noise/signal  ratio  identioal  to  that  obtained 
under  nominal  oonditions.  Zn  oontrast,  the  diffused  condition  results  in  an 
overall  noise  level  1  dB  higher. 

The  parameters  related  to  the  "motor”  functions  of  the  operator  model  show 
little  or  no  ohange  with  experimental  condition,  as  might  be  axpeoted  from  the 
nature  of  the  stressors.  The  pseudo  motor  noise  parameter  values  shown  indloate 
that  the  delayed  oondition  is  best  oharaoterized  by  a  -28  dB  level,  rather  than 
the  nominal  -30  dB  level.  However,  the  model  matohing  soore  is  relatively 
insensitive  to  a  ohange  in  this  parameter,  sinoe  the  2  dB  difference  aooounts 
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Parameter 


Dimension 


Nominal 


Diffused  Delayed 


Tims  delay 

sac 

0.154 

0,171 

0.189 

Observation  noise 

(position) 

dB 

-25.0 

-24.0 

-25.0 

Observation  noise 

(rats) 

dB 

-23.0 

-22.0 

-23.0 

Motor  time  constant 

sec 

0.080 

0.080 

0.080 

Motor  noise 

dB 

A 

A 

A 

Pseudo  motor  noise 

dB 

-30 

-30 

-28 

Matching  score 

- 

0.52 

0.50 

0.67 

*  negligible 

Table  It  Operator  Model  Parameters  for  Three 
Experimental  Conditions 


for  lees  than  2 %  of  the  matohlng  error.  Thus,  the  three  conditions  oan  be 
reasonably  matched  by  an  ldentioal  -30  dB  pseudo  motor  noise/signal  ratio. 

Although  the  matohlng  soorea  of  Table  1  give  nose  indioat ion  of 
"goodnesa-of-fit,"  a  more  graphio  illustration  is  provided  by  a  dlreot 
comparison  of  model  predictions  with  the  experimental  data.  Figure  11  repeats 
the  performance  soorss  of  Figure  7 I  the  superimposed  open  oiroles  indioate  the 
model  predictions  obtained  from  the  matohlng  procedure  Just  described.  All  of 
the  trenda  with  condition  are  closely  followed,  with  small  matching  errors. 

Figure  12  repeats  the  nominal  condition  frequenoy  domain  data  presented 
earlier  in  Figure  8;  the  smooth  curves  indioate  the  model  predictions  obtained 
from  the  matohlng  effort.  All  of  the  frequenoy  trends  are  olosely  followed  in 
this  nominal  asset  similarly  dose  matohes  were  obtained  with  the  diffused  and 
delayed  data  sets. 
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Figure  1 1 .  Comparison  of  Model  end  Experimental 

Performance  Soores  (model  •  open  oiroles) 


5.3  piaflmiiQq.Qf  Antiali  Results 

These  results  demonstrate  that  a  oonsiderable  amount  of  data  compression 
oan  be  aehleved  by  suitably  adjusting  the  model  parameters  to  fit  the  data. 
Each  data  set  oonsiated  of  84  measurements  (means  and  standard  deviations  of  the 
soores  and  frequenoy  domain  measurements)!  the  matching  procedure  effectively 
reduced  these  to  5  speoified  model  parameters,  and  managed  to  fit  the  data 
within  approximately  0.5  standard  deviations,  on  the  average. 

Of  direot  relevanoe  to  the  stressor  identification  effort  is  the  task's 
demonstrated  ability  to  provide  the  experimenter  with  a  means  of  differentiating 
between  stressors. 

Table  1  shows  that  the  diffused  displsy  had  two  effects)  a)  a  1.0  dB 
lnorease  in  the  operator's  overall  noise/signal  ratio!  end  b)  a  17  msec  inorease 


niQUCNey  (rod/m) 


■•fir 


Tfig  no 


Figure  12s  Comparison  of  Modal  and  Experimental 
Frequency  Measures  -  Nominal  Condition 
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in  his  time  delay.  All  other  parameters  were  unchanged  from  the  parameter  set 
assooiated  with  nominal  tracking  conditions.  The  implication  ia  that  the 
diffused  display  not  only  added  "visual"  noise  to  the  traoking  loop,  but  also 
was  responsible  for  lnoreaiing  ths  operator's  time  delay.  The  first  offeot  is 
oonsistent  with  the  characteristics  of  ths  diffuser,  and  serves  to  validate  the 
utility  of  both  the  traoking  task  and  the  model  analysis  in  identifying  stressor 
oharaoteristias.  The  seoond  effeot  was  not  expeoted,  sinoe  it  was  not 
antioipated  that  additional  processing  time  would  be  needed  to  prooess  a  "noisy" 
displsy  signal.  The  model  analysis  results,  however,  indicate  that  additional 
prooessing  time  was  indeed  assooiated  with  the  stressor,  and  that  it  is 
inappropriate  to  assume  a  one-for-one  oorrespondenoe  between  an  apparent 
stressor  oharaoteristio  (e.g.,  "noisensse")  and  a  ohange  in  a  single  human 
operator  model  parameter  (e.g.,  observation  noiae/signal  ratio). 

Table  1  also  shows  that  the  time  delay  had  two  ef facts  on  the 
operator:  a)  a  35  milliseo  inorease  in  the  operator's  time  delay;  and  b)  a  2  dB 
lnorease  in  his  pseudo  motor  noise/signal  ratio.  All  other  parameters  were 
unchanged  from  the  parameter  set  assooiated  with  nominal  traoking  oonditlona. 
As  noted  earlier,  the  2  dB  noise  inorease  is  of  questionable  signlfioanoo,  sinoe 
it  only  contributes  to  2$  of  ths  matohing  error.  The  35  mseo  inorease  in  the 
operator's  time  delay,  however,  is  significant,  and  corresponds  olosely  to  the 
40  mseo  delay  added  to  the  loop,  a  delay  whioh  effeotively  simulated  the  effeot 
of  any  stressor  serving  to  inorease  only  the  operstor's  time  delay.  The  faot 
that  the  model  analysis  aooounted  for  35  of  ths  40  mseo,  with  no  oall  for  a 
readjustment  of  other  operstor  parameters,  again  validates  the  task's  ability  in 
Identifying  stressor  effeota. 

Beoause  the  model  fitting  prooedure  is  highly  non-linear,  no  varianoa 
estimates  were  avsilable  for  the  derived  model  parameters.  Thus,  parameter 
value  oonfidenoe  intervals  could  not  be  generated,  and  statistical  teste  of 
parameter  differences  between  oonditions  oould  not  be  performed.  The 
oonaluslons  made  above  are  thus  subjeot  to  a  more  rigorous  statistical 
verification,  whioh  must  wslt  the  development  of  an  algorithm  for  estimating 
model  parameter  varianoes. 


6 .  SUMMARY 

The  principal  results  of  this  study  may  be  summarised  as  follows « 


1.  The  use  of  an  unstable  oontrolled  element  provided  the  desired  task 
sensitivity  to  environmental  stress,  and  the  incorporation  of  a  sum-of-slnes 
disturbance  signal  allowed  for  the  oaloulation  of  important  operator  frequenoy 
domain  measures  required  for  the  interpretation  of  stressor  ef foots. 


2.  Subjeots  learned  the  baaio  traoking  task  relatively  rapidly,  and  in  15 
runs  were  relatively  close  to  their  final  asymptotic  scores.  After  learning  the 
basic  task,  subjects  required  on  the  order  of  5  additional  runs  to  reaoh 
approximate  asymptotio  performance  under  the  atreaaed  conditions. 

3.  The  task  demonstrated  sensitivity  to  both  stressors  used  in  this 
study:  a  display  diffuser  whioh  degraded  the  target  image,  and  a  40  mseo 
desd« time  which  delayed  the  operator's  oontrol.  Traoking  aoores  under  both 
stressed  oonditlons  ware  aignifioantly  higher  than  that  obtained  under  nominal 
conditions. 

4.  The  describing  function  and  remnant  measures  obtained  from  the  traoking 
data  showed  significant  differences  between  experimental  oonditlons,  and 
verified  the  trends  predicted  by  the  pre-experlmental  simulations  conducted  with 
the  human  operator  optimal  oontrol  model.  A  direct  comparison  between  the  data 
and  the  model  simulations  showed  that  the  diffuser  acted  to  lnoraaae  the 
operator's  observation  noise/signal  ratio}  in  oontrast,  the  dead-time  aoted  to 
increase  the  operator's  time  delay.  The  task  thus  demonstrated  a  differential 
sensitivity  to  the  stressors,  and  the  ohosen  score  and  frequency  domain  metrios 
allowed  for  an  identification  of  speoifio  stressor  qualities. 

5.  A  quantitative  model  analysis  validated  the  qualitative  oonolusions 
regarding  stress  effects  on  traoking  behavior.  A  model  fit  to  the  diffused 
display  data  showed  a  1.0  dB  higher  than  nominal  observation  noise/signal  ratio, 
and  a  17  mseo  longer  than  nominal  operator  time  delay,  results  whioh  are 
consistent  with  a  "noisy"  visual  image  generated  by  the  diffuser.  Tho  dead-time 
traoking  data  was  beat  fit  with  a  35  mseo  longer  than  nominal  operator  time 
delay,  again  an  effeot  consistent  with  the  quality  of  the  'stressor. 
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SUMMARY 

A  time-domain  optimization  computar  routlna  waa  daalgnad  to  find  optimum  motion 
flltar  aattlnga  for  tha  pitch  and  haava  motion  in  a  thraa  dagraaa  of  fraadom 
(pitch,  haava  and  roll)  flight  simulator.  Cloaad  loop  airoraft  dynamica  of  an 
altituda  holding  taak  in  a  light  aircraft  in  turbulanoa,  including  a  pilot  modal, 
were  usad  in  tha  computar  runs.  Coat  functiona  wara  batad  on  tha  diffaranoa 
between  vaatibular  outputa  in  tha  moving  baaa  aimulator  and  in  aotual  flight, 
extra  panaltiaa  baing  included  for  tha  ooourranoa  of  falaa  oust  and  the 
exceedance  of  motion  system  actuator  limitations. 

Some  promising  filter  settings,  together  with  a  few  limit-cases  wara  evaluated 
in  a  piloted  simulator  axparlmsnt.  Both  pilot  opinion  and  pilot  performance  para¬ 
meters  appeared  to  be  significantly  batter  for  tha  particular  limit  case  that 
gava  a  one  to  one  simulation  of  pitching  rotations,  at  tha  cost  of  completely 
neglecting  tha  spaoifio  forces  associated  with  tha  aircraft's  longitudinal 
accelerations. 

1.  INTRODUCTION 

In  tha  field  of  flight  simulation,  a  trend  towards  an  avar  mors  realistic  imita¬ 
tion  of  aotual  flight  conditions  can  be  observed.  For  a  high  quality  of  simulation 
all  sensory  ouaa  that  give  information  to  a  pilot  controlling  an  aircraft  have  to 
be  imitated  as  true  to  nature  as  possible,  whether  they  be  aural,  visual,  tactile 
or  vestibular.  Especially  the  visual  simulation  of  tha  flight  environment  oan  be 
very  sophisticated  today  using  multiscreen,  coloured  and  textured  computer  gener¬ 
ated  images  of  the  outside  world.  Tha  visual  illusion  of  taking  off  from  one  air¬ 
field,  of  climbing  and  cruising  flight  followed  by  approach  and  landing  at  a 
different  airfield  oan  almost  be  perfect  in  a  present  day  simulator.  However,  if 
vestibular  cues  (rotational  accelerations  and  specific  forces)  are  considered, 
such  a  perfect  imitation  of  actual  flight  can  never  be  attained.  Although  certain 
angular  displacements  and  rotational  accelerations,  especially  those  occurring  in 
every  day  airline  flight  can  still  quite  realistically  be  simulated,  a  true 
simulation  of  specifia  forces  due  to  linear  acceleration  as  occurring  in  real 
flight  can  never  be  obtained  due  to  the  limited  travel  of  simulator  actuators. 
Moreover  very  often  still  more  limitations  are  set  if  a  simulator  motion  system 
has  a  limited  number  of  degrees  of  freedom.  All  these  limitations  set  by  the 
physical  constraints  of  motion  systems,  call  for  the  use  of  motion  (or  washout) 
filters  and  the  resulting  motion  is  necessarily  always  soma  form  of  compromise, 
see  for  instance  Refs.  1 ,  2  and  3 . 

Apart  from  the  constraints  set  by  the  motion  system,  the  choice  of  the  gains  and 
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parameters  of  the  notion  filters  is  also  influenced  by  the  particular  type  of 
aircraft  to  be  simulated  and  the  piloting  task  to  be  accomplished.  For  in¬ 
stance  a  take-off  roll,  a  tracking  tank  in  atmospheric  turbulence  or  manoeuvres 
in  still  air  all  call  for  different  notion  filtering. 

In  Ref.  4,  for  instance,  the  distinction  between  "manoeuvre  motion"  such  as 
occurring  when  performing  a  banked  turn,  a  side  step  manoeuvre  or  a  landing  flare 
in  itill  air  on  the  one  hand,  and  "disturbance  motion"  due  to  for  instance 
atmospheric  turbulence  on  ths  other,  has  been  stressed. 

At  the  Department  of  Aerospace  Engineering  of  the  Delft  University  of  Technology 
research  ia  dons  in  ths  field  of  pilot  behaviour,  handling  qualities  and  flight 
simulation.  Part  of  this  rsaaaroh  is  directed  to  ths  perception  process  of  a 
pilot  controlling  an  aircraft.  Experiments  on  thresholds  of  motion  perception 
(Ref.  5)  proved  that  the  Department's  thres  degrees  of  freedom  flight  simulator 
with  its  unique  high  fidelity  motion  system,  see  Ref.  6,  is  a  valuable  tool  for 
research  in  this  field. 

Studies  of  human  sense  organs  have  shown  that  there  are  narrow  relations  between 
soma  of  ths  senses,  especially  between  vision  on  the  one  hand  and  veatibular 
sensation*  on  th*  other.  Suoh  relatione  and  interaction*  must  have  an  important 
influence  on  pilot's  perception  process,  Ref.  7.  Moreover,  it  ia  known  that 
soma  of  ths  outputs  of  the  different  sens*  organa  result  in  a  redundancy  in 
information.  This  is  s  promising  aspsat  for  flight  simulation  engineers  as  it 
should  bs  possible  to  obtain  important  savings  by  limiting  one  or  more  motion 
components  to  bs  simulated  without  seriously  impsring  the  total  perception 
process  and,  hopefully,  ths  quality  of  the  simulation. 

Unfortunately,  the  entire  perception  process  is  not  fully  understood  yet  and  it 
ia  difficult  to  decide  which  particular  motion  component  might  be  limited  and 
in  what  manner.  Th*  only  practical  solution  at  present  is  to  generate  the  air¬ 
craft  'a  motion,  as  sensed  by  the  vestibular  organa,  aa  aoourately  aa  possible. 

The  present  paper  conaiders  one  limited  aspect  of  s  particular  case  of  motion 
simulation.  It  deals  with  the  eymmetrio  motions  in  atmospheric  turbulsnoe  of  a 
low  wing  loading  light  aeroplane. 

A  number  of  different  motion  filter  configurations  were  optimized  using  a  time- 
domain  computer  simulation  of  an  altitude  holding  task  in  atmospheric  turbulence. 
Ths  constraints  wars  those  sat  by  ths  limitations  of  the  Aerospace  Department's 
moving  base  flight  simulator. 

Although  a  computer  simulation  was  also  don*  for  ths  ossa  of  msnosuvrs  motion  in 
still  air,  a  piloted  simulator  aiqperiment  was  not  dona  for  that  case.  Th* 
experiments  described  in  this  paper  only  ooncern  the  altitude  holding  teak  in 
which  the  manoeuvre  and  disturbance  motion,  just  mentioned,  are  both  included. 
After  the  theoretical  optimization  process,  a  number  of  most  promising  filter 
configurations  and  settings  wars  evaluated  in  a  piloted  simulator  experiment. 

2.  MOTION  FILTER  OPTIMIZATION 

2,1.  Design  of  the  computer  simulation 

The  aim  of  th*  computer  simulation  was  to  obtain  motion  filter  settings  that  would 
result  in  a  bast  possible  simulation  of  th*  aircraft  zymmstrioal  motions  as  sensed 
by  the  pilot's  vestibular  system,  given  the  physical  limitations  of  the  simulator's 
motion  syatam  (limited  numer  of  degrees  of  freedom  and  maximum  excursions, 
vslooities  and  accelerations) . 

The  inclusion  of  the  dynamics  of  ths  vestibular  system  in  the  computer  simulation 
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means  that  only  errors  in  angular  accelerations  and  specific  forces  as  sensed 
by  the  pilot's  vestibular  system  are  to  be  minimized.  Due  to  the  dynamics  of 
the  vestibular  system  certain  errors  in  the  simulated  motion  will  hardly  be 
perceived.  It  would  be  irrational  to  try  to  obtain  a  quality  of  motion  any 
better  than  a  human  pilot  would  be  able  to  sense.  Therefore  it  was  daoidad  to 
optimize  the  motion  filters  for  minimum  difference  between  the  vestibular  out¬ 
puts  of  the  pilot  in  the  aircraft  and  in  the  simulator. 

It  should  be  remarked  that  the  vestibular  tresholds  of  angular  acceleration  and 
those  of  specific  force  perception  have  been  left  out  of  ooneideration.  These 
thresholds  have  been  shown  to  be  in  the  order  of  0 . 05®/sec^  for  rotations  and 
0,01  g  for  specific  forces,  see  Ref.  5.  These  value!  are  so  low  that  in  practioe 
it  is  quite  impossible  to  design  motion  (or  washout)  filters  such  that  any  false 
cues  would  remain  below  thresholds. 

A  schematic  representation  of  the  computer  simulation  is  given  in  Fig.  1.  The 
simulation  concerns  the  motion  filters  for  symmetric  aircraft  motions  in  a 
simulator  having  only  pitoh  and  hsave  motion  for  symmetric  motion  simulation. 

As  can  be  seen  from  Fig.  1,  the  optimization  of  the  motion  filter  characteristics 
by  minimizing  the  error  E(t)  depends  on  the  aircraft  motions  and  thus  on  the 
dynamic  oharaoteristics  of  the  particular  airoraft  type  concerned,  on  the  external 
disturbances  and  on  the  task  to  be  performed. 

In  the  aase  of  the  present  study  the  combined  effects  of  manoeuvre  and  disturbance 
motion  were  included. 

Also  from  Fig.  1,  it  can  be  seen  that  the  pilot  model  lacks  a  feedback  of  the 
vestibular  output.  Vestibular  information  definitely  helps  a  pilot  in  performing 
his  control  task,  as  will  become  evident  in  this  paper.  The  pilot-airoraft  system 
in  this  aomputer  simulation  was  only  used  to  produce  reasonable  aircraft  state 
time-histories. 


The  aircraft  to  be  simulated  was  the  De  Kavilland  DHC-2  Beaver,  the  Aerospace 
Department's  laboratory  aircraft.  Its  dynamic  characteristics  are  accurately 
known,  see  Ref.  8,  and  the  subjects  participating  in  the  piloted  simulator 
experiment  ware  familiar  with  this  aircraft  type.  Due  to  the  low  wing  loading 
this  aircraft  is  rather  sensitive  to  turbulence,  making  it  a  typical  "difficult" 
one  to  simulate  realisticly. 

The  piloting  task  in  the  aomputer  simulation  as  well  as  in  the  piloted  simulator 
experiment  consisted  of  keeping  a  reference  altitude  in  a  gusty  atmospheric 
environment. 

2.2.  Motion  perception 

The  perception  of  motion  is  usually  modelled  as  exclusively  sensed  by  the  vestib¬ 
ular  system,  consisting  of  semicircular  canals,  sensitive  to  angular  accelerations, 
and  otoliths,  sensitive  to  specific  forces.  For  an  extensive  description  the 
reader  is  referred  to  Ref.  5. 

The  dynamics  of  the  semicircular  canals  and  the  neural  preprocessing  within  the 
organ  can  be  modelled  by  the  following  transfer  function  relating  the  vestibular 
output  R  to  the  angular  acceleration  Si 
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R(s)  m  _ _ )  f  0.11  s 

5,_.  "  (1  +  5.0“  s)  (1  +  0.005  s) 


As  concerns  ths  otolith ,  recant  sxpsrimsnto  in  the  field  of  neuro-physiology  on 
the  dynamic  behaviour  of  the  sensory  cells  in  the  otoliths  yielded  the  following 
transfer  funotion  relating  the  vestibular  output  S  to  the  input  speoifie  force  At 


_ 1  +  10  a _ 

(1  +  5  •)  (1  +  0.01  s) 


(2.2.) 


Bqs.  (2.1.)  and  (2.2..)  were  used  to  compute  vestibular  output  in  the  computer 
simulation.  The  small  time  constants  in  the  denominators  of  eqs.  (2.1.)  and 
(2.2.)  have  bean  neglected. 

2.3.  Motion  filters 

For  the  case  of  symmetric  flight  considered  hers  the  aircraft's  equations  of 
motion  are i 


s 

Ajj  -  g  sin  0  ■  4  -  0w 
Az  +  g  cos  0  ■  'it  -  0u 
M  -  10 


The  vestibular  system  is  sensitive  to  angular  accelerations  and  specific  forces, 
in  the  aircraft  the  inputs  to  the  vestibular  system,  neglecting  the  small  term 
&w,  will  bet 


Ax  ■  g  sin  0  +  i 

“  m<3  COB  ®  +  *  "  (2.3.) 


The  purpose  of  the  present  optimisation  procedure  was  to  simulate  the  vestibular 
outputs  B%,  S55  and  fU  as  true  to  the  actual  values  as  possible  under  the  constraint 
that  angular  and  linear  simulator  accelerations,  velocities  and  displacements 
remain  within  the  limitations  of  the  motion  system.  During  routine  airline  flight 
the  angular  displacements  (especially  of  the  angle  of  pitch  0)  are  roughly  within 
the  angular  limitations  of  motion  systems.  This  is  evidently  not  the  case  with  the 
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linear  diaplacements .  It  turns  out  that,  although  the  variations  of  specific 
forces  during  flight  are  well  within  the  capabilities  of  most  motion  systems, 
a  primary  limitation  of  all  motion  systems  is  the  one  due  to  limited  linear 
displacements.  Hence  the  possible  duration  of  constant  aocslerations  in  a 
simulator  is  rather  short. 

If  it  is  assumed  that  the  term  g  cos  9  in  the  vertical  speoifio  force  Ag  (see 
eg.  (2.3.)),  is  taken  into  account  by  the  gravity  component  in  the  simulator 
g  cos  6  then  the  normal  acceleration t 


an  "  “Az  ‘  «  ooa  0 


■  -*  +  9u 


(2.4.) 


has  to  be  generated  by  the  simulator's  heave  motion.  According  to  Ref.  1,  a  high 
pass  filter  will  be  used  having  the  transfer  function t 


%<•> 


(THnT 


<1  +  iH  n*3 


(2.5.) 


In  this  way  long  duration  of  constant  normal  accelerations,  which  would  lead  to 
large  vertical  displacements,  are  prevented. 

In  the  present  case  of  a  three  degrees  of  freedom  (pitch,  heave  and  roll)  motion 
system,  only  simulator  pitch  6,  is  available  for  generating  both  pitching 
acceleration  and  longitudinal  apseific  force  oues.  Two  basic  filter  configurations 
to  generate  these  oues  have  been  considered. 

Filter  configuration  Aihigh  pass  filtering  of  9,  low  pass  filtering  of  A^, 

This  filter  configuration,  which  is  ths  one  most  commonly  used,  see  Ref".  1,  is 
depicted  in  the  diagram  of  Fig.  2.  The  simulator  pitch  angle  0„  is  generated  by 
the  sum  of  two  filters.  The  high  pass  filter  with  input  9  controls  the  simulator 
pitch  angle  in  the  high  frequency  range i 

(tH9.»2 

Hh  (b)  - - 2 - -  ’  (2.6.) 

(1  +  tHqs)2 


The  low  pass  filter  with  input  is  generating  the  low  frequency  pitch  movement 
of  the  simulator!  * 


Hl(s) 


1 

(1  +  tls)2 


(2.7.) 
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Sine*  the  value*  at  0  remain  amall  the  input  to  tha  low  paas  filter  i*  taken  to 
bei 


■  fin  8  +  ~  a  6  +  ^ 
9  9  9 


In  this  case,  see  Fig.  2,  the  simulator  pitch  angle  ist 


0B(a) 


HH0(e)  0(s)  +  Hl(s5  |e<s)  +  J  (•)} 


{HHe(s)  +  HL(a)} 


«  1HHe(a)  +  Hl(s>]  6(b)  +  (a)  *  (a) 


(2.B.) 


In  the  optimisation  procedure  the  high  paaa  and  low  pass  filters  can  be  adjusted 
auoh  that  the  errors  in  the  vestibular  responses  Ryaand  Bxs  are  minimised. 

Filter  configuration  Bi  no  filtering  of  8,  low  pass  flltarlno  of  u 
If  in  the  case  ol*  filter  configuration  A  the  transfer  function  {Hyg (*)  +  H.(s)} 
is  approximately  equal  to  one  over  the  frequency  range  of  interest,  it  is“ 
preferable  to  use  filter  configuration  B,  see  Fig.  3i 

0,(s)  -  0(b)  +  hl(s)  |  (s)  (2.9.) 

The  filter  configurations  according  to  eqs.  (2.8.)  end  (2.9.)  have  been  used  in 
the  optimisation  procedure  discussed  in  the  next  paragraph. 

2.4.  Optimisation  of  tha  motion  filters 

The  time  oonstants  of  the  different  motion  filters  ware  optimised  by  minimising 
the  difference  between  the  output  of  the  vestibular  system  in  aotual  flight  and 
in  the  simulator,  as  determined  during  a  computer  simulation  run.  The  block 
diagram  of  Fig.  1  gives  an  impression  of  this  procedure. 

Particulars  of  tha  aircraft  are  given  in  Table  1 .  The  aircraft  was  perturbed  by 
vertical  and  horisontal  turbulence  with  spectra  according  to  Dryden,  see  Ref.  9. 
The  turbulence  velooitiee  had  a  standard  deviation  of  1  m/seo,  this  kind  of 
turbulence  can  be  termed  as  light,  sea  Table  2. 

The  pilot  modal  controlling  the  aircraft  was  taken  from  Ref.  10. 


1  +  t 


H  («)  -  X, 
P 


1  -T8 


■p  1"  +  TjS  * 


The  model  parameters  were  adjusted  such  that  good  response  characteristics  to 
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gust  disturbance  and  to  commanded  altitude  profiles  were  obtained.  The  cross¬ 
over  frequency  and  phase  margin  of  inner  and  outer  loop  and  the  model  param¬ 
eters  are  given  in  Table  3. 

The  cost  function  to  be  minimized  by  varying  the  motion  filter  time  constants, 
was  based  on: 


l  K 


<»*.  -  8*.>' 


<fiZa  "V 


-  Ry,)' 


dt  (2.10.) 


Sx  end  S2  *re  the  responses  of  the  otoliths  due  to  the  input  specific  forces  Ax 
and  Ax;  Ay  is  the  response  of  the  semicircular  canals  due  to  the  input  angular 
acceleration  3.  The  subscripts  a  and  s  denote  values  in  aircraft  and  simulator 
respectively.  The  computer  runs  covered  115  secs  from  tQ  to  tj. 

Dus  to  the  washout  characteristics  of  the  motion  filters  it  is  possible  that 
one  or  more  of  the  components  of  the  vestibular  outputs  in  the  simulator  have 
a  sign  opposite  to  that  in  ths  aircraft.  Such  false  cues  have  a  very  disturbing 
effect  on  a  pilot  controlling  ths  simulator.  Xn  order  to  limit  the  occurrence 
of  falsa  cues  the  woighting  coefficients  W  in  eq.  (2.10)  were  made  to  depend  on 
the  sign  of  the  vestibular  outputs: 

Wj  -  1  if  sXa  •  SX-  »  0  Wj  ■  4  if  Sx,  •  Sx,  >  0 

W2  -  1  if  Sza  .  Sz,  %  0  W2  -  4  if  Sz,  .  Sz,  >  o 

W3  -  1  if  Ry,  .  Ry,  *  0  W3  ■  4  if  '  Ry,  .  Ry,  >  0 

Finally  the  limitations  of  the  motion  system  had  to  be  included  tin  the  cost 
function.  This  was  achieved  by  adding  a  penalty  to  the  cost  function  if  any  of 
the  servo  actuators  of  the  motion  system  were  calculated  to  reaoh  their  limits 
(displacement,  speed,  acceleration) .  The  value  of  this  penalty  was  rather 
arbitrarily  chosen  but  resulted  in  a  considerable  rise  of  the  oost  function 
whenever  the  motion  system  was  exceeding  its  maximum  excursions.  Xt  turned  out 
that  for  the  altitude  holding  task  for  this  particular  aeroplane  and  the  inten¬ 
sities  set  for  the  atmospheric  turbulence  is  was  not  neoessary  to  include  pen¬ 
alties  for  simulator  actuator  velocity  or  acceleration,  as  they  remained  within 
the  motion  system's  capabilities.  See  Table  4. 

Due  to  the  nonlinear  components  in  the  cost  function  (weighting  coefficients 
penalizing  false  aues  and  the  penalty  for  exceeding  maximum  servoactuator  travel) 
the  optimization  process  was  not  fit  for  automatic  linear  system  theory  opti¬ 
mization  routines.  Therefore  the  error  signals  were  computed  as  a  function  of  , 
time  in  a  computer  simulation  using  discrete  steps  of  0.05  secs. 

The  optimisation  process  was  carried  out  by  repeating  the  computer  run  a  number 
of  times  and  by  making  stepwise  changes  in  the  filter  time  constants  for  every 
new  run. 

The  dynamic  characteristics  of  the  simulator  motion  system  are,  during  actual 
simulation,  compensated  for  by  a  compensating  network.  See  Ref.  6. 

These  characteristics  and  their  compensation  could  therefore  be  deleted  in  the 
computer  program. 


The  coat  function  was  obtained  byt 


J  -  Ji  +  J2  +  J3  +  J4 

where  J^,  J2  »nd  J3  correspond  with  the  terms  in  eq.  (2.10.)  representing  the 
weighting  of  the  errors  in  the  vestibular  output. 


J  .  Y1  £  Wj  <8X  -  BX  >2 

Ogx  1-1  1  Bi 


(2.11.) 


t  -  °‘05  V  ta  le 
2  n2  "2  SZ*i  '  8z«j 

os  i-1  i  i 


(2.12.) 


t  0.05  ?  »  B  \  2 

J3  "  T"  4  l  3  **i  “  V 

aRy4  1-1  1  i 


(2.13.) 


Finally  is  the  component  in  the  cost  function  penalising  the  vxaaadonoe  of 
front  and  aft  aotuator  limitations  1 


J.  -  0.03  £  Pi.  +  0,05  I  ?2. 
4  i-1  U  i-1  2i 


(2.14.) 


P^  and  P21  era  weighting  coefficients  for  the  fore  and  aft  moving  actua 
respectively.  They  depend  on  the  magnitude  of  the  computed  actuator  excursions 
hiK  and  h2a  in  the  following  manner  1 


Pit  -  0  if  |hlgJ  <  .: 


pti  -  10  if  I^J  *  -30  m 


P2i  -  0  if  |h2g  |  <  .30  m  P2i  "  10  if  lh2,  I  ^  -30  m 
i  i 

2.5.  Results  of  the  computer  simulation 

Before  going  into  the  results  obtained,  it  should  be  borne  in  mind  that  it  is 
difficult  to  interpret  the  results  directly  in  terms  of  aircraft  dynamic 
behaviour.  The  calculated  coat  functions  discussed  below  are  a  result  of  the 
characteristics  of  the  closed  loop  formed  by  the  aircraft  plus  human  pilot  model 
see  Fig.  1.  Effects  of  aircraft  response  to  horiaontal  and  vertical  turbulence, 
human  pilot  modal  response  to  altitude  deviations  and  aircraft  response  to 


elevator  control  Inputs  are  all  inaluded  In  the  computer  simulation. 

After  a  small  number  of  simulation  runs  it  became  evident  that  the  motion  filters 
for  the  simulator  pitch  control  could  be  considered  quite  independently  from  the 
filter  controlling  the  normal  acceleration.  Therefore  the  results  are  treated 
separately,  first  those  for  the  two  basic  filter. configurations  for  the  pitoh 
control  followed  by  the  results  for  the  normal  acceleration  filter. 

For  filter  configuration  B  (no  filtering  of  6,  low  pass  filtering  of  0) ,  the 
components  J1  and  J3  (see  eqs.  (2.11.)  and  (2.13.)  of  the  cost  function)  are 
plotted  as  a  function  of  the  low  pass  filter  time  constant  Tj,  in  Fig.  4.  The 
magnitude  of  Jj,  which  is  an  indication  of  the  error  in  the  specific  force 
simulation,  is  seen  to  increase  with  tl.  The  error  in  perceived  angular  accel¬ 
eration  as  given  by  J3,  is  only  caused  by  simulator  rotations  due  to  the 
simulation  of  &,  see  Fig.  3. 

Increasing  Tl  or  decreasing  the  low  pass  filter  break  frequency,  causes  a  dete¬ 
rioration  of  the  specific  foroe  simulation  but  improves  the  angular  acceleration 
simulation,  leading  to  a  minimum  of  the  sum  of  J}  and  J3  at  around  Tj,  ■  0.27  secs. 
Of  aourse  this  minimum*  denoted  by  FI,  depends  on  the  relative  weighting  of  the 
errors  in  specific  foroe  and  angular  acoeleration  response. 

As  there  was  no  a  priori  knowledge  of  the  manner  in  whiah  a  human  pilot  weights 
these  two  different  vestibular  sensations  the  weighting  coefficients  Wl#  W2  and 
W3  ware  set  at  equal  values,  see  par.  2.4. 

Increasing  Tj,  to  infinity,  which  actually  means  that  the  longitudinal  acceler¬ 
ation  is  negleated  and  the  airoraft's  pitching  motion  is  simulated  one  to  one, 
will  drive  Jj  to  a  final  value  and  Jj  to  sero.  This  filter  setting,  denoted  by 
F5,  was  included  in  the  piloted  simulator  study.  It  should  be  remarked  that  a 
filter  setting  with  characteristics  similar  to  F5  can  be  obtained  with  configu¬ 
ration  A  if  ■  »  and  tl  »  «. 

For  the  filter  configuration  A  a  simular  influence  of  the  low  pass  filter  time 
constant  can  be  observed  in  Fig.  S,  The  value  of  the  oost  function  for  the 
specific  force  simulation  is,  for  all  settings  of  the  high  pass  filter  time 
oonstant  Tjjg,  an  order  of  magnitude  lower  than  the  function  J3  for  the  angular 
acoeleration  and  only  the  sum  of  and  J3  has  bean  plotted  for  a  number  of 
values  of  Tjjg  as  a  function  of  T^, 

In  earlier  similar  computer  simulation  experiments  the  optimisation  procedure  of 
the  type  A  filter  was  stopped  after  finding  a  local,  weak  minimum  in  the  same 
region  as  the  minimum  denoted  by  F2  and  F3  (tl  -  1,  »  1  and  ■  0,4, 

T)]0  ■  0.5  sees  respectively).  It  was,  at  that  time,  not,  considered  worthwhile  to 
exploit  values  of  THg  any  lower  than  0.4  sacs,  it  is  plausible  indeed,  bearing 
in  mind  that  the  aircraft's  fast  natural  symmetrical  mode  has  a  frequency 
around  4  rads/sec  for  this  type  of  aircraft,  that  a  strong  deterioration  of  the 
simulator's  rotational  accelerations  could  be  expected  by  ohoosing  the  high  pass 
filter  break  frequency  any  higher  than  4  rads/sec  (thq  lower  than  0.25  sees). 

A  surprising  decrease  in  the  cost  function  Jj  +  J3  is  obtained  for  the  limit  case 
where  Tug  ■  0  (hh„ (■)  »  0).  This  means  that  the  simulator  pitoh  angle  is  con¬ 
trolled  only  by  the  low  pass  filtering  of  the  airoraft's  specific  force  Ax.The 
minimum  value  of  the  cost  function,  denoted  by  F4,  is  about  the  same  as  found 
for  the  filter  type  B  (minimum  Fl). 


In  order  to  give  an  idea  of  the  influence  of  the  different  filters  on  the  re¬ 
sponse  of  the  vestibular  system,  the  responses  to  a  commanded  stepwise  change 
of  the  pitch  angle  0  are  plotted  in  Fig.  6.  From  the  time-histories  of  Fig.  6 
concerning  manoeuvre  motion  only  it  is  apparent  that,  due  to  the  feot  that  the 
angle  of  pitch  0  and  the  longitudinal  acceleration  &  are  roughly  of  opposite 
sign,  no  satisfactory  simulation  of  both  6  and  Ax  can  be  obtained  with  the 
present  moving  base  configuration. 

The  large  differencies  between  the  responses  of  the  selected  filters  are  evi¬ 
dent.  In  Fig.  7  Filter  1  gives  good  initial  responses  of  6f  and  Ry  ,  but  the 
specific  force  Ax,  and  the  otolith  response  Sx  are  much  too  high.aThe  filters 
2  and  3,  both  configuration  A  filters,  tend  to°improve  the  specific  force 
response  at  the  cost  of  the  simulator  pitch  rotation  and  corresponding  semi¬ 
circular  canals  response.  The  plots  of  filter  4  appear  to  be  the  worst  of  all 
although  Ry  is  exactly  in  phase  with  Ry  .  This  is  important  bearing  in  mind 
the  weighting  coefficients  of  the  cost  function.  For  filter  5,  6,  equals  6,  the 
specific  force  Ax,  and  the  otolith  output  sx,,  however,  are  extremely  high. 

Because  it  is  very  hard  to  choose  the  most  promising  filter  it  was  decided  to 
use  all  these  filters  in  the  experiment  to  evaluate  their  influence  on  pilot's 
performance  and  opinion.  As  a  reference  an  additional configuration  with-  fixed  • 
simulator  pitch  angle,  termed  filter  6,  was  included  in  the  simulator  experiment. 

None  of  the  simulator  pitch  control  filter  settings  were  influenced  by  the 
penalty  set  for  exceeding  actuator  limits.  These  penalties,  however,  evidently 
had  an  influence  on  the  cost  functions  of  the  normal  acceleration  simulation, 
as  can  be  seen  in  Fig.  8.  The  cost  function  decreases  with  increasing  time 
constant  th  .  A  sharp  rise  occurs  in  J2  +  J4  when  the  increasing  vertical  dis¬ 
placements  exceed  the  motion  system  limitations.  Based  on  the  minimum  value  of 
J2  +  J4  the  time  constant  Tun  was  chosen  at  0.29  secs. 

3.  EVALUATION  OF  IBS  MOTION  FILTERS 

3.1.  The  piloted  simulator  experiment 

The  six  particular  settings  of  the  motion  filter  configurations  A  and  B  as  de¬ 
scribed  in  the  preceding  ohapter  were  evaluated  in  a  piloted  simulator  experiment. 
The  motion  filter  settings  are  summarised  in  Fig.  9.  Also  Included  is  the 
reference  aase  F6  where  there  is  only  simulator  heave  and  no  simulator  pitch. 

The  linearized  symmetric  aircraft  motions  due  to  turbulence  and  control  deflec¬ 
tions  were  similar  to  those  of  the  computer  simulation  experiment.  In  order  to 
make  the  piloting  task  a  realistic  one,  the  asymmetric  linearised  motions  due  to 
turbulence  and  aontrol  deflections  were  also  simulated.  The  motion  filters 
generating  the  simulator  roll  motion  were  of  the  standard  type  used  for  this 
particular  simulator,  see  Fig.  10. 

Standard  flight  instruments  and  controls  were  available  for  the  piloting  task  of 
holding  the  simulated  aircraft  at  constant  altitude. 

Due  to  the  fact  that  the  three  participating  subjects  were  all  type  rated  Beaver 
pilots  and  ware,  moreover,  familiar  with  the  particular  simulator,  cnly  short 
training  periods  were  necessary. 

A  randomised  factorial  design  was  used  for  the  experiment.  Every  subject 
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performed  5  series  of  6  rims,  each  series  having  a  different,  random  sequence. 

The  total  number  of  measurement  runs  was  3  x  5  x  6  ■  90,  the  runs  had  a  duration 
of  240  secs.  The  random  atmospheric  turbulence  disturbing  the  aircraft  consisted 
of  the  same  realisation  for  each  run.  During  each  run  seven  airereft  variables 
were  recorded i  pitch  angle  6,  rate  of  pitch  6,  deviations  h  from  reference 
altitude,  elevator  deflection  6a,  yaw  angle  roll  angle  tp  and  aileron  defleo- 
tion  6a. 

Subjects  ware  asked  to  give  a  Cooper-Harper  pilot  rating  for  the  pitch  control 
of  the  simulated  aircraft  after  each  run.  They  were  also  required  to  give  their 
comments  in  writing  on  this  aspect  of  the  task. 

3.2.  Results 

The  results  of  the  piloted  simulator  experiment  have  been  evaluated  by  consider¬ 
ing  pilot  performance  parameters,  pilot  ratings  and  comments. 

Pilot  performance  parameters 

An  impression  of  the  subject's  performance  can  be  gained  by  considering  the 
standard  deviation  of  6 ,  6  and  h  while  the  standard  deviation  of  £a  gives  an 
indication  of  the  pilot  effort  needed  to  attain  a  certain  level  of  performance . 

Table  5  and  Fig.  11  show  significant  differences  due  to  the  influence  of  the 
motion  filters.  Filter  no.  5  (simulation  of  6  directly,  neglecting  the  simulation 
of  4)  shows  the  lowest  value  of  Oq ,  eg  and  aga.  The  results  of  the  analyses  of 
variance  are  given  in  table  6. 

Further  it  is  remarkable  that  filter  6,  with  fixed  simulator  pitch  angle  shows 
a  performance  as  good  as  filters  1,2,3  and  4.  Altitude  variations  do  not 
show  any  significant  changes  due  to  changing  filter  characteristics. 

From  the  analysis  of  variance  it  appears  that  there  are  significant  differences 
in  the  replications.  Analysis  of  the  performance  expressed  by  the  symmetric 
variables  shows  this  not  to  be  due  to  a  learning  effect.  The  standerd  deviation 
of  the  symmetric  variables  of  the  third  replication  appeared  to  be  higher  than 
others.  This  coinaidea  with  the  unforssen  occurrence  of  stiaktion  in  the  simulator 
altimeter  observed  during  the  third  replication.  This  resulted  in  randomly 
appearing  step  changes  in  altitude  to  the  subjects  who  responded  with  large 
elevator  deflections  resulting  increasing  values  of  0£a,  and  og. 

Pilot  ratings  and  pilot  comments 

Due  to  lack  of  experience  with  Cooper-Harper  pilot  rating  scales,  the  briefing  of 
the  subjeatB  appeared  to  have  been  lacking  formal  rigour.  Apparently  subjects 
had  differing  opinions  on  what  exactly  was  to  be  rated. 

Two  subjects  tended  to  base  their  ratings  on  both  the  pitch  control  of  the 
simulated  aircraft  and  the  simulation  of  the  pitching  rotation.  Nonetheless  they 
turned  out  to  be  very  consistent  in  their  ratings  and  their  comments  were 
direated  to  the  pitch  control  task  as  well  as  to  the  simulated  motion.  Of  course 
this  caused  a  difference  in  the  mean  and  the  standard  deviation  of  the  ratings 
between  subjects.  Still,  significant  differences  in  ratings  due  to  different 
filters  could  be  shown  by  analysis  of  variance,  see  Table  6.  All  ratings  of  each 
subject  were  normalised  and  the  final  values  are  presented  in  Fig.  11. 
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The  lowest  rating  corresponds  with  the  best  performance  being  achieved  with 
filter  5,  No  further  evident  correlation  between  pilot  ratings  and  performance 
was  found. 

From  the  written  comments,  the  following  summary  was  composed. 

Eii£2E«.22i_l 1  Sensitive  motion  helps  to  control  the  pitoh  attitude. 

?ii§2ilD2l— 1  Pitching  rotation  is  sensitive  but  the  additional  information  does 
not  help  much  in  the  pitch  control  task. 
riilSE-DSi-S1  Pitching  motion  response  is  too  small  and  sluggish.  Motion  is 
confusing. 

1  Motion  confuses  pitch  control.  Pitching  motion  response  is  sluggish 
\  —————  #n(j  very  small. 

?iitsr_no1_5i  Controlability  of  pitch  attitude  is  very  good.  Pitching  motion  ra- 
sponss  is  direct.  Motion  Improves  pitoh  control. 
fiiSiE  J22t.,§ 1  Mostly  no  pitoh  response  perceived.  Lack  of  pitching  motion  does 
not  oonfuss  pitch  control.  Preferable  to  filters  3  and  4. 

4.  DISCUSSION 

»  * 

The  optimization  procedure  yielded  an  unambiguous  result  only  for  the  heave  motion 
filter  providing  the  normal  aaoelarations. 

It  was  mentioned  in  Chapter  2  that  the  aimulation  of  the  pitching  acceleration 
and  the  specific  forces  along  ths  X-axis  oan  bs  dona  dither  by  filtering  6  and 
Ax  or  by  filtering  6  and  <1.  Results  of  any  prooedura  to  optimize  either  of  these 
two  ways  of  simulation,  however,  will  depend  on  the  form  of  the  ooet  function 
and  the  weighting  coefficient!  chosen.  As  long  as  ths  influenoe  of  the  vestibular 
outputs  on  the  perception  process  is  not  fully  understood  and  inoorporatsd  in  the 
cost  function, results  of  optimisation  prooeduras  will  always  be  sub-obtimal . 

By  choosing  a  limited  number  from  the  many  possible  configurations  end  settings 
for  the  evaluation  experiment,  significant  differences  in  subject  performance 
and  opinion  due  to  motion  filter  characteristics  ware  demonstrated.  Best  per¬ 
formance  and  most  favourable  opinion  ratings  ware  obtained  by  a  one  to  one 
simulation  of  the  angle  of  pitch,  completely  neglecting  the  influence  of  il, 
resulting  in  a  less  accurate  simulation  of  Ax. 

It  is  very  tempting  to  conclude  from  the  experiment  that  accurate  simulation  of 
pitching  accelerationa  (see  Fig.  7e,  filter  no.  5)  is  far  more  important  than 
accurate  simulation  of  Ax  (see  Figs  7c  and  d,  filters  3  and  4) ,  Such  a  firm 
conclusion  however,  cannot,  bs  drawn  yet. 

It  must  be  borne  in  mind  firstly,  that  ths  time-histories  of  Fig.  6  are  of 
manoeuvre  motions  only,  whersas  in  the  computer  simulation  and  ths  piloted 
simulator  experiment  both  manoeuvre  motion  and  disturbance  motion  ware  present. 
Secondly  it  should  be  remarked  that  if  &  is  completely  neglected  in  the  simula¬ 
tion  (filter  no.  5),  the  specific  force  Ax  in  the  simulator  is  exactly  equal  to 
g  sin  0#.  The  possibility  that  a  pilot  may  extract  extra  information  on  the  angle 
of  pitch  from  the  specific  force  AXb,  can,  although  no  indication  for  this  was 
obtained  from  the  pilot  aomments,  not  be  excluded.  Care  shouldbe  taken  of  course  that 
a  moving  base  simulated  aircraft  does  not  have  better  handling  qualities  than 
the  aircraft  in  flight. 
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It  1b  apparent  that  further  research  on  the  manner  in  which  a  human  pilot  processes 
information,  in  particular  vestibular  sensations,  is  needed  before  firm  conclu¬ 
sions  can  be  drawn.  Moreover  a  similar  piloted  experiment  for  the  oase  of 
manoeuvre  motion  only, appears  worthwhile. 

5.  CONCLUSIONS 

From  the  results  and  the  discussion  the  following  conclusions  can  be  drawn t 

1 .  Reaching  a  straightforward  solution  of  the  optimisation  of  motion  filters  is 
not  possible  due  to  the  lack  of  understanding  of  the  perception  process  of 
the  human  pilot. 

2.  For  the  case  where  only  pitch  and  heave  motions  are  available  to  generate 
symmetrical  motion  cuns  and  for  the  aircraft  dynamics  and  control  task  used 
in  the  experiment  described  in  this  paper,  far  better  pilot  performance  and 
opinion  are  obtained  if  the  pitching  rotations  are  simulated  unfiltered 
(one  to  one)  at  the  cost  of  completely  neglecting  the  simulation  of  the 
horizontal  accelerations. 

3.  Considering  the  present  state  of  the  art,  motion  filter  optimisation  combined 
with  an  evaluation  in  a  piloted  simulator  experiment,  can  lead  to  considerable 
motion  simulation  improvements. 
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TABLE  1.  Aircraft  geometric  parameters  and  aerodynamic  coefficients 


w 

-  2315  kg 

V 

■  52  m/sao 

s 

•  23,23  m2 

Cl 

-  0.6 

h 

■  450  m 

b 

■  14.63  m 

0 

■  1.5875  m 

2yba 

-  11.12 

2U,° 

-  97.963 

2W 

■  0.094 

*y  2 

-  1.263 

Vi 

-  0.2135 

2Vy 

-  125.686 

Aerodynamic  coefficients 

°*om 

0 

cz0  “ 

-0.673 

Si 

- 

+0.031 

cxu  - 

-0.18 

czu  “ 

-1.27 

Sx 

m 

-1.051 

0.374 

Cza  - 

-5.74 

Ss 

- 

-2.817 

CZ4  ■ 

-0.74 

Cfllq 

■ 

-16.3 

Czq- 

-4.32 

Cm$ 

m 

-2.0 

cZj  “  "°*407 
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CYg  -  -0.684 

cie 

m 

-0.0805 

cng 

aa 

0.031 

CY  -  -0.195 

Yr 

% 

at 

-0.6319 

CnP 

mt 

-0.038 

CYi  ■  0.0607 

°lr 

■ 

0.0926 

cnr 

m 

-0.057 

°r 

Cl^a 

Ml 

-0.18 

Cn6a 

m 

-0.003 

m 

0.006 

Cn6„ 

m 

-0.062 

TABU!  2.  Data  for  Drydan  turbulanoa,  aaa  Raf.  8. 

■  1  m/a  to 
cu  «  1  m/aao 

Wg 

Lu_  ■  160  m 

9 

Ityg  “  160  m 

TABU  3.  Pilot  modal  paramatara. 

Innar  loop 

K0  -  1.0 

■  0.4  aao 

Tj  ■  0.7  aao 

■r  ■  0.3  aao 
0 

u)fl  ■  1.8  rad/aaa 
VL  ■  43° 

lu 

Outar  loop 

Kjj  -  -0.019 

u>g  m  0.61  rad/aao 

tpffl  .  60° 

TABU  4.  Single  dagraa  of  fraadom  parformanoa  of  tha  thraa  dagraaa  of  fraadom 
motion  ayatam  of  tha  flight  aimulator. 


Traval 

Spaad 

Aoealaration 

Haave 

£  0.3  m 

+  1  m/aac 

+15  m/aac2 

2 

-  28  m/aac 

Roll 

+  16° 

+  73®/aac 

+  1090°/aao2 

Pitch 

+  15.5° 

+  50°/aaa 

+  315°/aec2 
-  460°/eec2 
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TABLE  5.  Mean  values  of  Pilot  Ratings  and  the  standard  deviations  of  the 
measured  variables. 


Filters 

1 

2 

3 

P.R. 

3.9 

5.23 

5.97 

P.R.  normalised 

-.508 

+.253 

+0.679 

°9° 

1.334 

1.348 

1.245 

o^°/sec 

1.101 

1.041 

1.059 

o.  m 
ft  ^ 

5.28 

5.60 

5.43 

a6* 

V 

0.370 

0.347 

0.352 

1.989 

1.920 

1.908 

2.321 

2.195 

2.195 

_ 

1.248 

1.169 

1.169 

5.2 

+.243 

1.426 

1.209 

5.61 

0.418 

2.126 

2.393 

1.306 


2.53 

-1.320 

0.987 

0.999 

5.48 

0.327 

1.960 

2.285 

1.238 


5.9 

+0.632 

1.221 

1.041 

5.35 

0.354 

1.891 

2.213 

1.193 


TABLE  6 .  Results  of  the  analyses  of  Ratline's. 

normalised  °8  °h  a^e  °iJj  °<p  °$a 


Filters 

Subjects 

interaction 
filters  Subjects 

Replications 

s  a  <  0.05 
**  a  <  0.01 


normall 

** 


**  ss 


**  **  ** 


**  *  ** 


'n*  • 


(T^HqS)2 


[Mi 


Fig.  2  :  Filter  configuration  A  for  the  control 
of  the  simulator  pitch  attitude. 


Fig.  3}  Filter  configuration  B  for  the  control 
of  the  simulator  pitch  attitude. 


*10+2 

18 


J1»J3*J1*J3 


Flfl.  4  :  Tht  inf lu#nc#  of  tht  low  post  fllftr  time 
constant  t  l  In  tht  fllttr  B  configuration 
on  tht  cost  function  compontnts  J^and  J; 


'  <  n1 w  i  h  j  **1,4^1*.  j  i  .rt ,,  , 


Fig.  7  a  :  Comparison  of  the  responses  of  aircraft  and 
simulator  and  the  corresponding  vestibular 
responses  due  to  Filter  1 . 
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Pig.  7b:  Comparison  of  the  responses  of  aircraft  and 
simulator  and  the  corresponding  vestibular 
responses  due  to  Filter  2, 


Fig.  7c:  Comparison  of  the  responses  of  aircraft  and 
simulator  and  the  corresponding  vestibular 
responses  due  to  Filter  3. 


Fig,  7t :  Comparison  of  ths  responses  of  aircraft  and 
simulator  and  ths  corrssponding  vsstibular 
rssponsts  dus  to  Fittsr  5 . 
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human  pilot  perception  experiments 


Dr.  David  L.  Quam 
Aerospace  Engineering 
Unlvereity  of  Dayton 
Dayton#  Ohio  45469 


ABSTRACT 


Thl*  paper  describee  a  set  of  experiment*  on  the  LAMARS  simulator 
to  measure  human  pilot  perception  of  motion.  Variou*  combinations  of 
visual  field  motion  and  platform  motion  are  used  to  experimentally  determine 
the  minimum  platform  motion  necessary  to  stimulate  adequate  perception 
of  the  visual  field  motion.  An  experiment  Is  conducted  in  a  single  axis  (such 
as  yaw)  while  a  tracking  task  1,  performed  in  a  cross  axis  (such  as  pitch)  to 
represent  a  typical  flight  workload.  The  subject’s  "gut  feeling"  motion 

perception  is  indicated  in  real  time  using  the  cockpit  control  for  that  axis 
(rudder). 


EFFECTS  of  various  lateral- beam-motion  washouts 
ON  PILOT  TRACKING  AND  OPINION 
IN  THE  "LAMAR"  SIMULATOR 


by  Henry,’ R.  Jex,  Wayne  p,  Jewell,  Raymond  E.  Magdalene 
Systems'  Technology,  Inc,,  13766  S.  Hawthorne  Blvd. 
Hawthorne,  OA  90230 

and  Andrew  M.  Junker,  6370th  Aeroapaoe  Medical 
Re leer oh  Lab.,  WPAFB,  OH  43433 


ABSTRACT 


A  aeries  of  moving-base  flight  simulator  experiments  was  performed  using  roll 
and  sway  motions  of  the  Large  Amplitude  Multimode  Aeroapaoe  Reaearoh  Simulator 
(LAMARS)  of  the  Flight  Dynamics  Lab  at  WPAFB,  OH.  The  objectives  were  tot 

a)  Tie  in  the  roll-only  results  of  the  4  experienced  pilots 
used  hare  with  previous  results  (Ref.  1 )  for  4  well- 
trained  nonpilot  subjects. 

b)  investigate  effeots  of  various  lateral-beam-motion  "wash¬ 
out"  filters  designed  to  keep  the  lateral  sway  within  the 
ilO  ft  of  LAMARS  travel. 

The  high-pass  washouts  on  lateral  beam  travel  (ybaaJ  were  of  the  general 
form  1 

Vheam  _  ,g 

yfree  flight  a2  +  2ty^s  +  c$ 

where 1  Ky  »  attentuation  faotor,  tty  ■  high-pass  break  frequency  (r/a),  and 
ty  -  0.70  (fixed). 

A  range  of  K»  and  toy  was  explored,  from  which  example  data  are  shown.  A  non¬ 
linear  (time  varying)  washout  was  also  tested  in  which  uv  was  continuously  adjusted 
so  as  to  permit  oorrect  cues  for  small  roll  activity,  while  reducing  the  travel 
peaks  for  large  roll  angles.  Reshaping  the  forcing  functions  was  also  investi¬ 
gated. 

The  basic  task  was  to  follow  an  evasive  (randomly  rolling)  target  while 
suppressing  gust  disturbances  (Ref.  l).  A  two-independent-input  technique  pro¬ 
duced  behavioral  data  (describing  functions)  and  performance  data  (error  and 
control  saoree),  whioh  revealed  how  pilots  used  the  visual  and  motion  cues. 
Subjective  data  was  also  gathered  on  the  tracking  task  as  well  as  on  limited 
"sidestep"  maneuvers. 

The  main  results  showi  excellent  tie-in  with  prior  roll-only  experiments 
with  non-pilot  subjects)  most  tracking  performance  and  behavioral  parameters  were 
not  significantly  affected  by  various  degrees  of  sway  washout)  pilot  commentary 
became  more  consistent  and  adverse  as  the  spurious  side-force  peaks  exceeded  about 
0.1  Gy)  specific  problems  were  mapped  vs.  o^,  and  Ky. 
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THE  PROBLEM 


Before  describing  the  speoific  objective*  of  this  experiment,  let  ua  review 
the  problem  of  simulating  motions  of  aircraft  involved  in  lateral  maneuver a. 

Figure  1  shows  some  of  the  motion  quant it ie a  involved  in  an  idealised  "turn  entry" 
mantuverj  wherein  the  pilot  puta  in  a  one  aecond  aileron  pulse  resulting  in  a 
15  degree  bank* and- atop  maneuver.  If  the  aircraft  were  well  coordinated  there 
would  be  no  lateral- apecific-force  (LBF  ■  apparent  aidevaya  acceleration  on  the 
pilot)  i.e.!  the  apparent  gravity  vector  would  always  parallel  the  pilot's  spine 
Vehicle  aocelerttion  caused  by  the  banking  of  the  lift  vector  would  be  nulled  out 
by  the  airoraft  accelerating  to  the  right.  The  motiona  for  free  flight  are  shown 
by  the  dotted  lines  in  Fig.  1.  The  main  problem  for  simulation  la  evident  in  the 
bottom  of  Fig.  1 ;  the  simulator  travel  required  to  perfectly  replioate  free  flight 
becomes  excessive  after  only  a  few  seconds. 

To  alleviate  this  problem  two  types  of  simulator  motion  "waahout"  ora  employed. 
Firsti  the  roll  angle  itself  la  gradually  raduoed  to  stro  ("waahad-out")  from  the 
otherwise  constant  value  that  would  ba  present  in  free  flight.  Ibis  is  shown  by 
the  seoond  plot  in  Fig.  1 ,  where  a  first  order  waahout  filtar  raduoea  tha  bank 
ange  from  its  peak  with  a  time  constant  of  T®  ■  1/0.4  ■  2. 5  seoonda.  Tha  result¬ 
ing  roll  rate  (the  primary  cue  sensed  by  the  pilot's  vestibular  ayatam)  is  shown 
at  tha  top.  It  aan  bs  seen  that  the  rectangular  pulse  of  the  free  flight  oaaa  is 
distorted  by  thia  roll  washout;  it  slightly  reduoes  the  main  pulse  and  produces  a 
revaraal  in  roll  rats  ("rate  miaous"). 

In  a  roll-only  simulator  whsra  no  lataral  travel  of  the  oookpit  is  permitted  the 
pilot  will  also  fasl  a  falsa  "tilt  aua"  given  by:  ai  *  g  sin  cp.  Washing  out  tha 
roll  angla  raduoes  thia  false  tilt  cue. 

Even  with  roll  waahout  there  remains  soma  residual  tils- cue  as  shown  by  the 
dashed  line  in  the  third  plot  of  Fig.  1 .  This  lateral- speo if lc  foroa  oan  be  further 
raduoed  by  allowing  the  cab  to  acoelerata  laterally.  However!  even  with  the  roll 
angle  returning  back  to  sero!  as  shown!  the  lateral  travel  required  to  remove  all 
the  LSF  is  exoaesive.  Typically,  the  lateral  motion  (sway)  drive  also  employs  a 
first  or  seoond-order  washout  to  bring  the  cab  back  towards  the  canter  of  the  travel 
limits,  amount  as  shown  at  bottom  of  Fig.  1 .  Thin  limits  the  motion  to  just  under 
10  ft  laterally,  and  results  in  the  LSF  shown  by  the  solid  line  In  the  plot  above 
it.  Two  affeots  of  sway  washout  are  obvious  from  tha  el  plot;  a)  The  peak  miaoue 
is  reduced,  as  intended,  b)  The  peak  of  the  a^  mis cue  is  delayed  relative  to  the 
pure-tllt  cue  by  tp  seconds.  These  effects  should  be  borne  In  mind  when  reading  the 
rest  of  this  paper;  for  example,  it  turns  out  that  the  advantage  gained  by  reducing 

oan  be  nullified  by  excessive  delays  with  respect  to  the  roll  angle. 

Even  for  this  small  maneuver,  and  with  roll  washout,  the  amounts  of  travel  are 
excessive  and  require  large  sway  washouts  to  remain  within  the  simulator  limits. 

Tha  sway  washout  does  not  reduce  the  miscue  significantly  over  the  roll-only  case, 
Extremely  large  values  of  lateral  travel  (on  the  order  of  50  to  100  ft)  would  have 
to  be  provided  to  reduce  the  LBF  miscue  to  under  0.1  g  for  typical  bank  and  stop 
maneuvers.  Thus,  the  key  problems  to  ba  addressed  here  ore:  What  is  the  "least- 
worst"  sway  washout  which  will  a)  produce  behavior  as  similar  as  possible  to  the 
free  flight  oasa  and  b)  produce  miicues  which  are  small  enough  to  bn  acceptable  by 
the  pilots  without  seriously  impairing  the  realism  of  the  task. 
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Objectives 


These  experiments  were  a  continuation  of  basic  research  done  previously  for  the 
U.8.  Air  Force  Aerospace  Medical  Research  Labs  on  the  Dynamic  Environment  Simulator 
(DBS |  a  roll-only  simulator) (Ref,  i).  The  current  experiments  were  performed  on 
the  USAF  Flight  Dynamic  Laboratories'  "Large  Amplitude  Multimode  Aerospace  Research 
Simulator"  (LAMARS),  at  WPAFB,  Ohio.  The  LAMARS  has  five  degrees  of  freedom;  heave, 
sway,  roll  and  (limited)  yaw  and  pitch  angles  are  provided  to  a  one-man  aab.  The 
oab  mounted  on  a  20  ft  cantilevered  beam  can  move  vertically  or  horizontally  through 
*10  ft  with  compensating  yaw  and  pitoh  motions  such  that  it  remains  straight  and 
level.  High  performance  servodrives  are  provided  ("flat"  bandwidth  to  roughly 
3  to  4  Hz).  An  overview  of  the  development  of  the  LAMARS  is  described  in  Ref.  S. 

The  current  experiments  extended  the  roll-only  washout  experiments  performed 
on  the  DBS  to  the  oaae  of  both  roll  and  "sway"  motions  performed  on  the  LAMARS. 

The  specific  objectives  included  the  followings 

1 .  Perform  tie-in  runs  to  cross -validate  the  DBS  and  LAMARS 
facilities,  using  roll-only  cases. 

2.  Compare  experienced  military  pilots  vs.  the  well-trained 
non-pilots  used  in  Ref.  1. 

3.  Investigate  the  effects  of  various  types  of  sway  washout. 

4.  Investigate  a  non-linear  washout  conoept  which  showed 
promise  in  covering  a  large  range  of  situations  with  one 
mechanization, 

3.  Correlate  (to  the  extent  possible)  both  objective  effects 
on  performance  and  piloting  behavior  with  subjeotive 
evaluations  of  the  motion  cues  felt  by  the  pilots. 

The  results  given  in  this  paper  cover  the  above  objectives  roughly  in  the  order 
given  above. 

Experimental  Bet  Up 

Blook  Diagram 

The  basic  experimental  task  procedures  and  variables  were  similar  to  those  used 
in  the  roll-only  experiments  of  Ref,  1,  to  which  the  reader  is  referred  for  back¬ 
ground.  The  block  diagram  applicable  to  these  LAMARS  experiments  is  shown  in  Fig.  8, 
along  with  the  relevant  transfer  functions. 

She  basio  task  scenario  was  that  of  roll  tracking  in  an  air  to  air  gunnery  type 
encounter,  wherein  the  target  aircraft  was  performing  evasive  maneuvers  whioh  the 
pilot  tried  to  track  by  matching  his  roll  angle  with  that  of  the  target.  Simul¬ 
taneously,  there  were  unseen  roll  disturbances  applied  to  the  aircraft,  allegedly 
due  to  "encounters  with  the  tip  vortices  of  the  target  aircraft."  Sums-of-seven 
(or  eight)  sinusoids,  with  amplitudes  seleoted  to  approximate  realistic  target  and 
disturbance  spectra,  were  used  for  each  guasi-random  forcing  function.  She  fre¬ 
quencies  of  the  target  and  disturbance  sinusoids  were  interleaved,  such  that  disturb¬ 
ance  input  was  completely  uncorrelated  with  the  target  input.  The  provision  of  two 
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such  independent  inputs  enables  both  the  visual  and  motion  dynamics  of  the  operator 
to  be  determined,  as  documented  in  Ref.  1 . 

Figure  2  shows  that  the  task  bank  angle  resulting  from  the  pilots  control  was 
subtracted  from  the  target  motions  to  produce  a  "compensatory"  tracking  error  on 
the  display  scope.  This  was  given  by  a  small  aircraft  like  symbol  which  only  rolled. 
The  task  bank  angle  was  washed  out  by  a  first-order  filter  to  produce  a  bank  angle 
command  to  the  LAMARS  roll  drive. 

When  the  lateral  drive  is  fixed,  the  LSF  consists  only  of  the  "tilt  cue"  as 
shown  in  the  bottom  half  of  the  block  diagram.  In  perfectly  simulated  free  flight 
(Wy(s)  ■  1.0)  the  beam  lateral  acceleration  would  exactly  cancel  the  tilt  cue, 
producing  aero  a4.  The  away  washout  filter  Wy(a)  la  aet  up  as  a  high  pass  filter 
to  pass  the  high  frequency  motions  thought  to  be  of  importance  for  motion  cues, 
while  reducing  the  longer  term  accelerations  which  Integrate  to  form  large  beam 
travels.  The  accelerations  of  the  modified  lateral  motions  now  provides  imperfect 
cancellation  of  the  LSF  tilt  cue.  Also  shown  in  the  block  diagram  la  a  point  of 
entry  for  other  vehicle  aide  forces  which  could  be  represented  by  the  beam  aooelera- 
tiona  (a.g,  dua  to  rudder  action)  but  these  were  not  employed  in  this  experiment. 

Controlled  Elements 

Transfer  functions  of  various  blocks  in  the  diagram  are  shown  below  in  Fig.  2*. 

The  controlled  element  was  charaotariatlo  of  a  fighter  having  a  neutrally  stable 
spiral  mode,  a  roll  subsidance  mode  at  1.7  rad/seo,  and  an  aotuator  mode  of  3  rad/sec. 
When  the  DEE  simulator  was  usid  earlier,  a  simulator- drive  mode  having  a  frequency 
of  10  rad/seo  and  damping-ratio  of  0.37  was  unavoidably  present  and  this  is  shown 
in  the  first  controlled  element  denoted  "DES".  A  seaond  set  of  tests  was  made  with 
these  low- damps!  DES  modes  removed  but  with  the  roll  subsidence  modified  to  pre¬ 
serve  roughly  the  same  low  frequency  phase  ohsracterlstlos.  This  la  denoted  by  the 
"smoothed"  control  element  in  Fig.  2.  The  former  waa  used  to  tie  in  the  results 
with  the  previous  DES  experiments  while  the  letter  was  used  to  investigate  the 
effects  of  the  lateral  beam  washout. 

Washouts 

To  tit  in  with  the  prior  DES  experiments  a  number  of  roll-only  runs  were  made 
which  had  no  roll-washout.  However,  because  residual  tilts  oaused  drifting  of  the 
beam  under  minimum  beam-washout  conditions,  some  roll  washout  was  necessary  for 
the  remainder  of  the  runs.  Based  on  previous  results  given  in  Ref.  1,  we  selected 
a  0.4  rad/sec  first-order  filter  roll  washout. 


As  shown  at  the  bottom  of  Fig.  2  the  lateral  beam  washout  was  a  second  order 
high-pass  filter;  i.e,,  onstant  acceleration  Inputs  resulted  in  a  constant  position 
output,  and  a  oonatant  rata  input  resulted  in  a  centered  output  of  the  beam.  The 
break  frequenoy  ov  was  varied  from  the  minimum  washout  condition  of  about  0.2  rad/seo 
up  to  and  above  1.0  rad/seo,  which  approaches  the  bandwidth  of  the  closed-loop  maneu¬ 
vers.  The  damping  ratio  was  held  constant  at  0.7.  The  washout  filter  also  had  an 
attenuation  factor,  Ky,  whiah  reduced  the  high  pass  level  of  the  beam  accelerations 
from  1.0  down  to  0,20.  The  various  combinations  of  Ky  and  oy  will  be  given  later. 

*In  our  shorthand  notation  for  transfer  functions,  pure  numbers  are  gains, 
numbers  in  (parenthesis)  are  first  order  break  frequencies,  and  numbers  in 
[square  brackets]  are  damping-ratio  and  frequency,  respectively. 
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Figure  2.  Block  Diagram  and  Transfer  Functions 
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In  another  set  of  runs  a  non-linear  mechanization  was  employed,  which  varied 
tuy  as  a  complex  function  of  the  roll  angles  and  computed  beam  states,  such  as  to 
maintain  the  minimum  degree  of  washout  consistent  with  the  anticipated  lateral 
motions.  Further  details  on  the  nonlinear  sway  washout  are  given  in  Ref.  3. 

Operations 

i  '  " 

The  LAMAR3  motion  simulator  is  a  highly  automated  facility  with  pre-programmed, 
digitally- controlled  parameters,  designed  for  high-production  simulation  of  systems. 
However,  in  current  development  these  presat-abl*  features  which  make  it  efficient 
for  high  volume  usage,  also  make  it  difficult  to  explore  "on-line"  a  range  of  vari¬ 
ables  In  which  process  the  experiment sr  varies  parameters  while  thd  test  is  pro¬ 
ceeding.  Through  the  concentrated  efforts  of  John  Bankovekie  of  the  Flight  Dynamics 
Lab,  the  LAMARS  was  temporarily  reconfigured  for  on-line  parameter  exploration. 

Many  of  the  parameters  which  are  shown  in  later  tables  as  fixed  variables  in  the 
experiment  were  first  explored  by  these  techniques j  i.e.  Ky  and  tuy  were,  varied  in 
systematic  and  random  manners,  to  map  out  the  boundaries  or  subjectively  notioeable 
effects.  Such  data  are  highly  variable,  interactive,  and  are  very  difficult  to 
average  and  to  present  in  a  systematic  manner.  Nevertheless,  much  of  the  effort  of 
the  simulation  had  to  go  into  these  exploratory  runs,  in  order  to  whittle  down  the 
number  of  parameters  to  those  formally  tested. 

Among  the  objective  data  recorded  ware:  the  task  roll  errors  and  control  activi¬ 
ties  and  various  motion  quantities.  In  addition,  signals  were  recorded  at  various 
points  in  the  loop  from  which  the  pilot  describing  functions  in  response  to  both 
visual  and  motion  inputs  could  be  computed.  The  data  reduction  program  was  developed 
by  AMRL  from  earlier  work  by  BBN  (Ref.  k)  with  dual- input  additions  by  STI  (Ref.  1). 
Adding  sway  measures  and  the  transfer  from  AMRL  to  AFFDL  computers  was  part  of  this 
project. 

Using  these  reduced  describing  functions,  3TI  perfev^d  the  data  averaging  and 
model  fitting  and  parameter  identification  using  the  techniques  and  Model  Fitting 
Program  (MFP)  described  in  Ref.  i. 

Subjects  and  Procedures 

Four  experienced  military  pilots  were  used  as  subjects.  Three  of  the  four  had 
experience  as  Instructors  in  various  types  of  military  aircraft  and  all  had  time 
both  in  fighters  and  heavier  aircraft.  Although  these  pilot  subjects  were  not 
trained  test  pilots,  they  brough  extensive  experience  in  the  real  flight  situation 
to  the  simulation,  an  overview  which  was  missing  in  the  non-pilots  tested  previously 
in  Ref.  1 .  Therefore,  these  pilots  could  give  commentary  on  the  realism  of  each 
simulation  case.  We  were  also  interested  to  see  if  they  adopted  the  same  or 
different  tracking  behavior  as  the  previous  non-pilots. 

All  the  pilots  were  given  several  sessions  to  train  on  the  LAMARS  simulator,  in 
the  various  tasks.  It  was  found  that  the  experienced  pilots  learned  the  task  within 
a  few  sessions  and  achieved  a  fairly  stable  performance  within  a  few  dozen  runs. 

There  was  a  dramatic  reduction  from  the  training  regimen  which  had  to  be  used  with 
the  previous  non-pilots  (where  hundreds  of  runs  over  a  few  weeks  period  were  required 
to  train  them  to  asymptotic  performance).  As  will  be  shown,  the  pilots  and  non-pilots 
adopted  the  soma  strategies,  so  the  reduction  in  training  time  was  due  to  the  pilot's 
flight  experience. 
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Itost  of  the  formal  washout  runs  were  made  with  random  ordering  of  the  combina¬ 
tion  of  k£  and  uy,  and  then  pilot  comments  were  solicited  as  to  any  noticeable 
effects  or  the  simulation  when  compared  with  flight.  We  attempted  a  motion  rating 
scale  evaluation,  but  this  was  not  as  informative  as  the  comments  themselves. 

The  operating  procedures  were  generally  as  follows!  The  pilot  was  allowed  a 
warmup  run  and  then  did  the  roll-only  (tie-in  with  DES)  ruhs.  Then  the  pilot  was 
led  through  the  various  degrees  of  lateral  beam  washout.  If  the  pilot  could  accept 
the  range  of  washouts  that  had  been  prevIitlBly-esWblAshfiid other  pilots,  he  was 
then  run  through  a  more  formal  set  of  runs  in  which  describing 'fffiatl8n-~tt*ba-we»e,... 
recorded,  along  with  his  subjective  comments,  in  almost  every  case  two  or  more  ~~ 
were  possible  at  each  condition.  The  data  were  so  consistsnt  that  further  runs  were 
felt  to  be  unnecessary;  instead,  the  nonlinear  washout  runs  were  inserted  as  a  third 
session  for  eaoh  pilot. 


Table  1  shows  the  various  combinations  of  control  element,  input  and  swav  washout 
used  in  these  LAMARS  experiments,  The  "DES"  and  "smoothed"  control  elements  have 
been  described  earlier.  The  "reference  input"  was  identical  to  that  used  in  Ref.  i 
and  contains  large- amplitude  low- frequency  roll  motions  which  elicit  significant 
tilt  cues  in  the  roll-only  simulation.  Cancelling  these  roll  angles  required  large 
lateral  travel  of  the  beam,  so  that  a  high  amount  of  lateral  beam  washout  had  to  be 
used  in  order  to  keep  the  beam  within  limits.  Consequently,  a  "modified"  input  was 
employed,  in  which  the  low  frequencies  were  attenuated  to  reduce  the  lateral  travel 
requirements  at  any  given  level  of  beam  washout.  In  effect,  the  input  was  washed- 
out  instead  of  the  output.  This  was  fairly,  successful  in  reducing  beam  travel 
requirements  without  significantly  affecting  the  pilot's  control  behavior  near 
crossover  frequencies.  However,  this  also  reduced  the  level  of  tilt  angles  so 
that  tilt  oues  were  not  aa  subjectively  apparent  to  the  pilot  ae  in  the  reference 
input  case. 

The  smount  of  sway  washout  shown  varies  from:  "none"  (typioal  of  free  flight) 
through  "low,"  "medium,"  end  "nonlinear"  (similar  to  the  medium  washout),  and 
"high"  washout.  "High"  washout  is  only  slightly  different  from  a  roll-only  case 
(no  sway  motion)  while  for  the  "static"  case  there  is  no  motion  at  all,  The  trade¬ 
off  between  travel  requirements  and  misoues  is  noted  at  the  bottom  of  Table  1 .  The 
several  variables  mentioned  above  oould  result  in  an  excessive  number  of  test  combina¬ 
tions  but  this  was  avoided  by  making  selected  comparisons,  aa  shown  by  the  eiroled 
"cases"  shown  in  Table  1 .  In  effect,  these  comparisons  investigated  these  sub¬ 
experiments  within  the  larger  plan. 

1 •  Tie  In  with  prior  DBS  experiments.  Case  0  was  run  with 
identical  control  elements  to  the  prior  DES  experiments, 
only  difference  being  the  use  of  experienced  pilots. 

2.  Controlled  element  effects.  Case  0  was  run  with  the 
"smoothed"  contrpl  element  more  typical  of  real  aircraft 
to  compare  its  results  with  the  somewhat  atypical  DES 
dynamics. 

3.  Sway  effects.  Congiarisona  of  cases  0  and  0  show  the 
effects  of  sway  motion  with  a  medium  washout,  as  required 
to  maintain  lateral  sway  travel  within  limits.  It  was 
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not  possible  to  compare  a  "no-washout"  case  because  the  i 

lateral  travel  would  have  to  exceed  160  ft.  ] 


4.  incut  Effects.  To  allow  a  lower  degree  of  sway  washout 
the  "aoiiHed"  input  described  earlier  was  used.  This 
reduoed  the  idealised  tree  flight  notion  from  1 60  down 
to  40  tb  and  allowed  a  smaller  degree  of  washout  to 
maintain  the  cab  within  simulator  limits.  Comparing 
configuration  ©  with  ©  documented  the  effects  of  this 
ohange  in  input  alone.  The  resulting  affects  of  input 
shaping  on  the  describing  functions  ware  negligible 
and  this  oosparison  will  not  be  further  discussed  in 
this  paper. 


6. 


Sway  Washout  Variations . 
of  the  experiment.'"'  With 
of  increasingly  severe  vashou 
spending  to  oases  CJ),  ©,  (J) , 


These  were  the  primary  runs 
the  "modified  Input"  a  range 
louts  could  be  used,  eorre- 
and  gI7S) ,  respectively. 


Non-Linear  Washout.  Comparison  of  oases  ©  and 
allowed  us  to  determine  the  effects  of  the  non-linesr 
washout  on  performance  and  subjective  ratings. 


EXPERIMENTAL  RESULTS  AND  COMPARISONS 
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Tie-In  With  DES  Experiments  | 

The  first  goal  was  to  establish  the  validity  of  a  LAMARS  simulation  of  the  pre-  | 
vlous  DES  experiments  for  the  roll  only  case.  The  same  display,  oontrol  stlolc,  j 
controlled  element  and  drive-logie  dynamics  were  used,  as  validated  by  describing  1 
funotion  measurements.  Figure  J  compares  the  principal  results  of  this  and  prior  J 
data.  The  performance  results  at  the  top  present  the  variances  of  the  task  error  | 
end  control  force,  along  with  their  portioning  into:  target,  disturbance  and  remnant  | 
components.  Remnant  is  the  unoorreleted,  or  noise,  portion  of  aaoh  signal.  For  1 
convenience,  an  RMS  scale  is  also  noted  on  the  right  hand  of  each  plot.  | 

■4 

In  both  experiments,  the  magnitude  and  the  partitions  of  performance  measures  | 
were  practically  identical.  The  control-force  remnant  of  roughly  4-0  percent  is  | 
reduced  to  15  to  20  percent  in  the  error  signal,  because  the  controlled  element  i 
filters  the  high  frequency  remnant  components.  1 


The  primary  measures  of  pilot  behavior  are  the  "opened  loop"  describing  funo-  J 
tiona  for  the  simultaneouily-closed-lbops  Involved  in  target  following  and  in  dls-  | 
turbanoe  suppression,  shown  at  the  bottom  of  Fig.  3.*  The  points  are  from  the  1 


★These  "opaned-loop  describing  functions  are  derived  in  Ref.  i  which  also  dis¬ 
cusses  their  relevance.  Suffice  it  to  say,  here,  that  the  "opened- loop"  transfer 
functions  have  the  same  significance  in  this  multi-loop  situation  as  the  conventional 
"open-loop"  transfer  functions  do  for  single-loop  situations.  Roughly  K/s-like 
behavior  is  expected  if  the  crossover  law  is  followed.  The  stability  margins  and 
bandwidths  can  be  read  from  such  plots  in  the  conventional  manner. 
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Figure  3.  Resulta  for  Tie-In  with  Prior  D.E.S.  Experiment# 
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present  LAMARS  experiments,  as  shown  by  the  mean  and  standard  deviations  for  the 

3  pilots  (at  least  2  runs  each).  The  low  variability  shows  that  all  pilots 
followed  the  same  behavior.  The  curve  through  the  points  is  not  a  fit  to  this 
LAMARS  data  but  is,  in  fact,  the  fit  from  the  previous  DES  experiments  with  non¬ 
pilots.  One  could  hardly  expect  a  better  fitting  curve  for  the  present  data,  and 
an  independent  fit  (not  shown)  gave  nearly  identical  parameters.  It  is  apparent 
that  the  three  experienced  pilots  in  the  present  LAMAR  simulation  adopted  identi¬ 
cal  behavior  and  performance  as  that  of  the  non-pilots  in  the  previoua  DES  experi¬ 
ment  a. 

We  further  conclude  that  the  behavior  seen  In  the  previous  experiments  was,  in 
fact,  driven  by  the  combination  of  controlled  element,  input  and  motion  properties, 
beoausa  it  is  universally  adopted  by  both  well  practiced  non-pilots  and  by  skilled 
pilots  as  well.  This  has  two  important  implications; 

•  Experiments  performed  on  the  LAMARS  may  be  tied  In  closely 
with  thoae  performed  on  the  DES,  thereby  improving  the 
breadth  of  ooverage  in  basic  researoh  problems  such  as 
this. 

•  The  DES  could  be  used  to  train  pilots  or  to  perform  pre¬ 
liminary  experiments  for  ths  LAMARS,  thereby  reduoing 
the  total  coat,  because  ths  DES  is  cheaper  to  operate 
than  the  LAMARS  and  may  be  more  available. 

The  unlvereallty  of  pilot  adaptation  and  performance  demonstrated  here  gives 
further  impetus  to  the  proposition  in  Rif.  1,  that  valid  control-theory  models  of 
multiloop  pilot  behavior  should  closely  match  these  remits.  All  the  inputs,  con¬ 
trolled  elements  and  washouts  are  representable  by  simple  pole-aero  transfer  func¬ 
tions,  as  can  the  pilot's  behavior  (see  Refs.  1,  2  for  details).  The  challenge  is 
this;  can  the  optimal  or  classical  models  of  pilot  behavior  replicate  these  results 
with  a  consistent  set  of  cost  functions  and  adjustment  rules? 

Effeots  of  Sway  Motion 

Figure  4  shows  the  effects  of  freeing  the  sway  dsgree-of-fresdom  from  roll-only 
(Case  vs.  Case  Q)  j  both  for  the  "smoothed"  contro lied- element ) .  At  the  top 
left,  the  sensed  lateral-speclfio-force  is  shown.  In  the  roll-only  case  (which 
corresponds  to  infinite  washout)  the  maximum  spurious  LSF  reached  approximately 
0.1  gy,  with  peaks  of  0.2  to  0.3  g's.  With  lateral  sway  freed  and  medium  washout, 
these  peeks  were  reduced  by  about  20  or  30  percent.  The  aahieved  roll  rate  was 
practically  identical,  showing  that  the  pilot  used  roughly  the  same  high  frequency 
oontrol  aotlona.  The  sway  travel  was  aero  in  the  roll-only  oase  and  just  under 

4  ft  in  the  medium  case  (occasional  peaks  to  10  ft).  The  tracking  error  perfor¬ 
mance  was 'practically  identical  in  both  cases. 

The  bottom  of  Fig.  4  shows  the  effeots  of  sway  on  the  pilot  control  behavior. 

The  dashed  curve  is  that  fitted  to  the  roll-only  data  (not  presented)  for  the 
smoothed  control  element.  The  solid-curve  is  that  fitted  to  the  given  data  points 
using  ths  Model  Fitting  Program  described  in  Ref.  i .  The  refined  pilot  model 
included  his  perception  of  both  roll  rate  and  roll  accelerations,  and  LSF  cues 
in  the  motion  path,  in  addition  to  the  classical  pilot  lead  and  time  delays  of 
ths  visual  path  and  second-order  neuromuscular  dynamics.  As  in  all  of  the  DES 
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and  LAMARS  oases  analyzed  to  date,  the  curve  fit  to  the  data  points  is  excellent, 
and  the  model  clearly  captures  all  the  nuances  of  the  measured  describing  functions. 

Figure  4c  shows  two  main  effects  of  washed-out  sway  motion: 

•  The  disturbance-control  loop  (-o/oe)  la  essentially  unaffeoted 
because  neither  the  motion  cues  (which  dominate  -c/cs  at  high 
frequencies)  nor  tha  visual  cues  (which  dominate  at  low  fre¬ 
quencies)  are  affected  by  the  medium  washout. 

•  Th*  target  traoking  loop  (cp/cpe)  is  only  affeoted  at  low 
frequencies,  where  the  lateral- specific  force  oues  give 
helpful  tilt  cues  In  the  roll-only  ease,  but  are  distorted 
and  less  effective  in  the  washout  case  (as  shown  by  the 
lower  gain  below  u>  ■  O.J  rad/seo). 

On  tha  other  hand  the  target  following  transfer  function  shows  a  little  lower  gain 
at  the  very  lowest  frequencies  implying  less  tilt  cue  whloh  has  been  shown  pre¬ 
viously  in  Ref.  1  to  be  a  favorable  effect. 

Overall,  there  ia  remarkably  little  difference  in  performance  and  behavior 
between  the  roll-only  and  the  roll-plus -sway  case,  with  this  medium  away  washout, 
One  reaeon  is  that  the  washout  did  not  remove  such  of  the  tilt  cue,  aa  shown  by 
ths  similarity  of  L8F  in  Fig.  4a,  She  pilot's  subjective  comments  are  dlaousaed 
separately,  later. 


The  main  set  of  variables,  in  which  tuy  and  Ky  ware  varied  produced  almost 
negligible  changes  in  the  specif io  measures  of  pilot  performance  and  behavior.  It 
had  been  expeoted  that  tha  wide  range  of  sway  washouts  (which  do  result  in  adverse 
comments)  would  result  in  a  behavioral  ohanga,  but  this  was  not  apparent  from  ths 
data.  In  general,  the  describing  Amotion  differences  among  the  sway  washout  combi¬ 
nation  (cases  (J)  ,  © ,  (3)  ,  and  ggTlfr  )  were  similar  to  the  data  separations  shown 
in  the  previous  Fig.  4.  The  one  oase  with  significant  reductions  in  describing  func¬ 
tion  gains,  (J)  i  was  highly  oonfounded  by  enoounters  with  soft  stops  (travel  limit¬ 
ers)  hence  no  transfer  funotion  data  will  ba  presented. 


Figure  5  ooqparaa  various  measures  of  motion  output  and  performance  among  the 
various  sway  washouts  tasted,  arranged  in  the  same  order  of  increasing  severity  as 
in  Table  i .  The  first  set  of  bars  compares  the  lateral  travel  for  the  various  wash¬ 
outs.  As  would  he  expeoted,  the  RMS  travel  reduces,  from  the  untested  (but  calcu¬ 
lated  value)  of  over  40  ft  for  free  flight,  to  3.3  ft  (10  ft  peaks)  for  the  least 
swsy  washout  that  could  be  used,  to  further  reductions  to  an  ft  (3-4  ft  peaks)  for 
the  medium  and  high  degrees  of  washout.  Ihe  sxtent  of  travel  ie  greatly  reduoed  by 
the  sway  washout,  as  was  expseted. 


The  aeoond  set  of  bar  j  ahows  that  the  spurious  lateral  spec If io  force  cue 
increases  with  washout  severity  as  was  expeoted.  The  RMS  levels  of  this  LSF  are 
quite  low,  with  the  peaks  reaching  values  of  only  0.1  g  for  the  medium,  high,  end 
roll-only  oases.  The  basic  tradeoff  between  travel  and  miacue  is  clearly  apparent 
from  these  data:  one  obtains  reduoed  travel  at  the  expense  of  inoreaoed  mlaouee. 
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Figure  5.  Comparisons  Among  Various  Sway  Washouts 


looking  now  at  the  bottom  of  Fig.  5  for  measures  of  the  tracking  performance 
and  behavior,  one  sees  that  the  roll  rate  was  practically  identical  among  all  sway 
washouts.  This  means  that  the  roll  loop  was  closed  in  the  same  manner,  regardless 
of  the  presence  of  the  (often  sub-threshold)  LSF  oues.  In  other  words,  lateral 
specific  force  cues  were  essentially  ignored  in  the  roll  loop  closure. 

The  same  conclusion  applies  to  the  roughly  equal  tracking  errors  and  control 
foroe  measures  at  the  bottom  of  Fig.  3,  These  performance  measures  cannot  be  con¬ 
sidered  to  be  the  whole  story  because  the  pilot's  subjective  comments  differed 
significantly  among  these  various  washouts,  as  will  be  discussed  later. 

A  word  of  caution  is  in  order,  here  as  might  be  implied  that  if  reliable 
behavior  can  ba  obtained  with  roll-only  simulation  considerable  expense  (in  terms 
of  lateral  motion  systems)  oould  be  saved  by  eliminating  the  sway  notions.  However, 
lateral  specific  foroes  are  often  simulated  for  other  purposes  for  roll-yaw  coordi¬ 
nation  (a.g,,  for  rudder  use,  or  engine-out  effects,  or  direot-side-force  simulation) 
so  roll-only  simulation  is  not  a  pamaoea  for  the  general  case. 

Another  problem  was  hinted  at  during  these  tests:  that  of  possible  negative 
transfer  of  training  from  the  roll-only  case  (wherein  a  rightward-tilt  requires  a 
left  aileron  correction)  to  the  frae-flight  case  (where  the  corresponding  leftward 
LSF  In  general  would  not  result  in  a  left  aileron  correction) .  A  hint  of  this  was 
present  when  the  swsy-degree-of-freedom  was  turned  on,  so  the  roll-only  runs  were 
discontinued  as  warmups  for  the  sway  washout  sessions.  This  bears  further  study. 

Linear  vs.  Non-Linear  Washout 

A  nonlinear  washout  algorithm  was  avolvad  which  would  automatically  adjust 
the  away  washout  filter  frequency,  as  a  function  of  the  sway  command  states,  as  well 
as  the  proximity  to  the  sway  limits.  Soft  limiting  of  large  excursions  can  only  ba 
obtained  by  the  addition  of  LSF  miscues  and  it  was  the  baslo  question  of  this  com¬ 
parison  to  see  whether  the  decelerations  for  a  large  motion  would  be  acceptable  to 
the  pilot.  This  algorithm  keeps  the  washout  as  low  as  possible  during  low  roll 
motions,  and  increases  it  only  as  much  as  la  necessary  to  cope  with  large  roll 
motions.  Consequently,  one  algorithm  oould  be  used  for  a  large  number  of  conditions, 
instead  of  having  to  "optimise"  the  swsy  washout  parameters  for  each  condition,  as 
is  necessary  with  fixed  sway  washouts. 

Figure  6  depicts  the  results  of  comparing  the  nonlinear  with  the  "medium"  wash¬ 
out,  which  it  approaches  for  small  motions.  The  larger  reference  input  was  used, 
to  maximise  the  sway  oues.  The  bar  charts  for  cab  motions  show  that  the  LSF,  roll 
rate,  and  lateral  travel  were  practically  identical  for  either  case.  What  is  not 
shown  here  is  that  the  non-lineer  washout  case  (shown  shaded)  resulted  in  fewer 
bumpings  of  the  parabolic  limiters  than  did  the  linear  case.  When  the  cab  enoounters 
the  parabolic  limiters,  lsrge  braking  foroes  ore  put  in,  and  the  yaw  rate  coordina¬ 
tion  meahanism  of  the  cab  is  ineffective,  so  that  thero  is  a  tendency  to  beoome 
disoriented  after  each  enoounter.  These  incidents  were  greatly  reduced  in  the  non¬ 
linear  washout  case,  which  the  pilots  liked.  On  the  other  hand,  the  adaptive 
circuitry  puts  in  slightly  higher  smooth  decelerations  (whioh  are  misoues). 

The  tracking  error  plot  shows  that  the  performance  was  practically  identical  in 
either  aase.  Figure  6c  gives  the  transfer  functions  oompariiuLjshe  fitted  curve  for 
the  linear  case  (Case  (T)  ),  with  the  non-linear  data  of  Case  Igy  showing  practically 
Identical  behavior,  (a linear  model  fit  for  the  non- linear  data  is  not  strictly 
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applicable  because  of  the  time  variation  in  the  washout  properties) .  Nevertheless, 
it  can  seem  that  the  linear-case  curve  fits  the  nonlinear- case  data  quite  well, 
implying  essentially  identical  behavior. 

The  implication  of  these  results  is  that  the  nonlinear  sway  washout  is  a  promis¬ 
ing  way  to  sconomize  on  sxparlaantal  opsrations  because  the  algorithm  seems  to  work 
over  a  large  range  of  inputs.  A  number  of  discrete  (i.e.,  bank  and  return)  and 
other  input  cases  were  checked  with  the  nonlinear  washout  during  this  experiment) 
and,  in  all  oases,  the  results  seem  to  bs  similar  to  those  shown.  We  recommend  this 
nonlinear  sway  washout  scheme  tor  other  simulators  having  similar  travel  limits. 


CORRELATION  OP  SUBJECTIVE  AND  OBJECTIVE  DATA 


Although  a  greet  deal  of  pilot  commentary  was  taken  during  these  experiments, 
it  was  difficult  to  establish  firm  correlations  with  the  washout  parameters  because 
the  motions,  although  noticeable,  did  not  strongly  affect  the  pilot's  control 
strategy  and,  in  many  cases  the  LSF  involved  was  small  enough  to  be  almost  "sub- 
threshold."  It  turned  out  that  this  LSF  threshold  effect  was  the  dominant  dis¬ 
tinguishing  feature  between  oases  which  could  bs  consistently  evaluated  and  in 
cases  which  were  vagus ly  and  ineonsistently  evaluated.  As  noted  eerlier  in 
Fig.  5b  the  rms  LSF  were  under  0.05  g  for  the  reduced  input  oases,  and  approached 
0.10  for  the  reference  input  oases.  The  peak  LSF  did  vary  somewhat  more  than  this 
due  to  occasional  large  motions)  this  enabltd  the  pilot  commentaries  ^qjje  made  when 
they  occurred.  In  many  of  these  oases  the  pilot  was  also  allowed  to  make  bank-and- 
return  maneuvers  within  the  confines  of  the  simulator)  in  suoh  oases  the  lateral 
specif io  foroes  often  exoaeded  0.1  g'a  so  the  sway  washout  effeots  became  more 
readily  apparent. 

Accordingly,  we  hav«  plotted  the  peak  LSF  vs.  ths  washout  filter  frequency 
(ojy)  and  washout  attenuation  factor  (Ky)  on  Figures  7a  and  7b,  respectively.  Along 
with  eaoh  of  the  data  points  is  given  the  consensus  of  comments  among  the  pilots. 
First,  notice  the  blaok  points  which  are  those  obtained  during  the  roll  tracking 
cases  with  reduced  inputs.  The  peaks  seldom  exceeded  0.1  g's  and  the  general 
consensus  of  pilots  comments  was  vague,  only  for  very  low  values  of  Ky  in  Fig.  7b 
(which  correspond  to  roll  alone)  did  the  LSF  exoeed  0.1  g's,  and  then  was  some  com¬ 
ment  about  noticing  the  tilt  cue  or  the  "leans." 

Considering  next  the  open  symbols  for  the  rapid  bank  and  return  maneuvers, 
it  can  be  seen  that,  when  the  lateral  specific  foroe  peaks  exceeded  about  0.1  g's, 
there  was  distinct  comments  which  had  some  correlation  with  the  task  variables. 
(Cross  plots  of  these  effects  will  be  shown  later). 

It  is  Inferred  from  careful  study  of  these  comments  that]  when  lateral  specific 
force  peaks  lie  about  below  0.1  g'a,  the  LSF  effects  are,  at  best,  only  vaguely 
perceived  and,  at  worst,  are  Inconsistent.  This  hypothesis  may  help  explain  some 
of  the  apparently  Inconsistent  results  from  other  Investigators,  where  the  lateral 
specific  force  peaks  are  known  to  have  been  less  than  0.1  g  (e.g,,  Ref a.  5  and  6). 
Others  (e.g.,  Refs.  7  and  8)  have  suggested  that  such  an  "indifference  threshold" 
would  be  operational  on  lateral  apecific  force  cues,  and  our  findings  verify  these 
suppositions. 

The  findings  have  important  consequences  for  the  design  and  interpretation  of 
experiments  involving  lateral  motions.  If  the  expected  LSF  cues  are  lesB  than 
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0.1  g's,  the  experiment  may  he  expected  to  encounter  confused  pilot  commentary.  If 
the  small  cues  are  used  in  important  ways  for  coordination  and  for  detection  for 
certain  types  of  failure,  then  such  small  levels  might  he  worth  investigating.  On 
the  other  hand,  if  the  lateral  specific  force  cues  are  greater  than  C.i  g's  they 
will  surely  be  noticed  and  used,  and  if  they  are  due  to  motion-base  artifacts,  they 
may  affect  the  results  in  a  negative  manner. 

Oatherlng  and  sifting  those  oases  where  the  motion  cues  were  strong  anough  to 
give  significant  commentary,  the  correlatione  shown  in  Fig.  8  summarise  the 
consensus  from  this  experiment.  Figure  8  represents  a  "subjective  commentary 
map, "  wherein  the  coordinates  are  washout  frequency  along  the  absoleea  and  attenua¬ 
tion  factor  as  the  ordinate.  The  bottom  left  corner  represents  fully- coordinated 
free  flight.  Regions  of  distinct  subjective  effects  are  denoted  by  the  fussy 
boundaries  and  paraphaaed  comments. 

It  is  noted  that  a  good  portion  of  the  interesting  washout  range  (values  of 
Ky  near  1.0  and  <  0.2  rad/ssc)  exceeds  the  travel  limits  of  the  simulator.  A 
barely  aaoeptable  region  was  observed  for  Ify  ■  0.?  -  0.7  and  tuy  ■  0.2  -  0.4  rad/eeo, 
where  the  LSF  miscues  are  small  enough  and  the  peaks  ere  not  unduly  delayed  with 
respect  to  the  roll  angles  to  cause  apparent  distortion. 

Consider  next  the  "leane"  region  (at  the  top)  where  the  attenuation  is  reduced 
towards  zero,  implying  no  sway  motion  whatsoever.  In  these  cases,  the  motions 
approach  roll-only  and  the  tilt  cue  is  closely  in  phase  with  the  roll  angle.  Henae, 
there  la  little  oonfualon  between  the  source  of  the  lateral  specific  force  and  the 
observed  roll  angles.  We  oall  this  syndrome  of  effects  "the  leans"  beoause  the 
pilots  are  aware  that  the  perceived  LSF  is  due  to  a  leaning  effect  of  the  simulator. 

At  the  bottom  right  of  Fig.  8,  the  attenuation  factor  Is  nearly  unity,  and  high 
washout  frequencies  are  present,  the  "delayed  aide-force"  effect  (noted  at  the  start 
on  Fig.  l)  was  apparent.  Here,  the  side  foroe  peak,  even  though  email,  was  delayed 
with  respect  to  the  roll  angle  peak.  This  seemed  to  cause  some  disconcerting  motion 
effects,  beouuae  it  ie  harder  to  aaalmulate  into  the  pilot's  experience  with  air¬ 
craft.  Finally,  at  the  right  center  there  is  a  large  range  of  undesirable  proper¬ 
ties  where  the  washout  filter  fraquenciea  are  on  the  order  of  1 .0  rad/sec  and 
attenuation  was  somewhat  reduced  (fy  0,2  -  0.9)  which  produced  highly  distorted 
lateral  motion  cues.  In  many  such  oases  the  pilots  olaimad  that  the  spurious  cues 
ware  like  an  inexperienced  student  pilot  putting  improper  inputs  into  the  rudder 
pedala.  The  obvious  conclusion  from  this  Fig.  8  is  that:  it  is  difficult  to 
aohleve  an  acceptable  degree  of  washout  within  the  ±10  ft  confines  of  the  LAMARS 
Simulator.  This  conclusion  is  not  inconsistent  with  experience  of  other  aircraft 
simulations  both  on  the  LAMARS  and  elsewhere.  So  much  landscape  is  required  to 
reduce  the  spurious  lateral  specific  force  cues  below  0.1  g's  that  acceptable  sway 
simulation  can  seldom  be  afforded  in  a  practical  simulator. 


CONCLUSIONS 


The  following  conclusions  are  drawn  from  these  experiments. 

1.  There  is  an  exoellent  tie-in  between  the  dynamic  environmental 
simulator  and  LAMARS  eimulatlons  when  the  same  case  is  simu¬ 
lated, 
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2.  The  present  pilots  and  trained  non-pilots  from  earlier 
experiments  showed  nearly  identical  behavior  and  perfor¬ 
mance,  implying  universality  of  adaptation  and  results. 
However,  the  pilots  needed  much  less  training  time  than 
the  non-pilots  due  to  their  previous  flight  experience. 

This  points  up  one  advantage  of  using  actual  pilots  in 
such  basic  research)  the  amount  of  training  time  neces¬ 
sary  to  obtain  valid  results  can  be  reduced  by  an  order 
of  magnitude  when  real  pilots  are  ueed,  thereby  offsetting 
their  soarclty  and  expense, 

2.  Both  step  and  random  tracking  gave  rise  to  spurious  lateral- 
motion-cuea  (the  turn-eoordinated  free-flight  oase  would 
have  none)  which  were  fuzzily  categorized  as  "out-of- 
phase,"  "like  a  student  on  tho  rudder  pedals,"  etc. 

Analysis  showed  these  to  be  roughly  correlated  by  tlme- 
and- frequency-response  parameters  related  to  Ky  and  try. 

4.  Neither  the  roll  tracking  behavior  nor  error  performance 
were  significantly  affected  by  a  variety  of  lateral-sway 
washout a . 

5.  Pilot  comments  were  consistent  only  when  the  peak  lateral 
specific  forces  exceeded  about  0.1  g.  Pilots  noticed 
"leans"  (tilt  effects  and  "delayed  side  forces"  (delays 
between  peak  roll  angles  and  peak  side-forces) . 

6.  A  nonlinear  beam  washout  filter  (working  on  computed  sway 
states)  reduced  the  rate  of  soft-stop  encounters,  at  the 
expense  of  occasional,  amooth  lateral-specific*>force  (ay) 
peaks,  but  otherwise  did  not  affect  behavior  or  performance. 
It  promises  to  provide  an  adaptive  washout  whioh  does  not 
need  to  be  "fine-tuned"  to  avoid  hitting  stops  while  mini¬ 
mizing  supurious  washout  artifacts.  Additionally,  it  should 
be  especially  useful  during  training,  where  motion  cue  usage 
is  changing. 

7.  Thane  results  imply  that  sway  motions  well  over  ±10  ft 
should  be  provided  to  reduce  lateral  motion  miscues  to 
acceptable  levels  for  realistic  discrete  or  random  track¬ 
ing  inputs. 

It  would  be  interesting  to  find  and  simulate  exactly  some 
real-world  tasks  in  which  the  free-flight  motions  would 
be  under  ±10  ft,  such  as  aerial- refueling  or  shipboard 
VTOL  landing.  Our  hypothesis  would  predict  that,  unless 
the  lateral  specific  forces  would  exceed  0.1  g  (unlikely), 
lateral  motion  cues  would  not  be  significant  in  such 
casea. 
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CONTROL  LOADING  fCTHODOLOGY  USING  A  MICROCOMPUTER 


Dr.  Gerry  Albers 

Aerospace  Engineering 
University  of  Dayton 
Dayton,  Ohio  45469 

ABSTRACT 

The  tactile  frequency  response  of  a  human  le  much  higher  than  the  visual 
response.  A  specific  example  of  this  characteristic  can  be  witnessed  In  the 
simulation  of  an  aircraft.  The  visual  scene  content  Is  perfectly  acceptable 
when  the  Image  Is  refreshed  at  a  rate  of  30  times  per  second.  However,  the 
pilot  will  feel  a  definite  vibration  or  "hum"  In  his  control  stick  (particularly 
while  the  stick  Is  being  moved)  If  the  forces  on  that  stick  are  computed  at 
the  same  rate.  Furthermore,  whenever  a  sharply  rising  force  Ls  encountered 
such  as  at  a  travel  limit  or  at  a  detent,  high  frequency  components  must  be  present 
or  else  the  "sharpness"  Is  lost.  Therefore  It  Is  essential  In  a  simulator  that 
an  Independent  computer  be  provided  to  compute  the  forces  which  the  pilot 
feels,  since  the  host  computer  Is  usually  "framing"  15  to  30  times  per  second. 

The  various  components  of  the  control  loading  forces  are  discussed  In  this 
paper.  A  brief  history  of  control  loading  implementations  Is  also  presented  with 
the  emphasis  on  two  modern  computational  approaches,  one  of  them  analog, 
the  other  dLgltal.  The  digital  approach  employs  a  microcomputer  system  which 
is  discussed  In  detail,  The  hardware  sub- systems  were  off-the-shelf  components 
and  the  software  was  written  In  a  hlgh-order  language.  The  equations  and  their 
Implementations  are  discussed,  with  particular  attention  paid  to  the  frequency 
compensation  necessary  to  produce  "sharpness".  A  high  Iteration  rate  was 
achieved  and  the  system  was  capable  of  solving  the  force  equations  for  all 
three  axes  (pitch,  roll  and  yaw)  In  the  allotted  time.  Recommendations  for 
future  Implementations  are  also  presentsd.  This  digital  control  loading  base 
was  the  result  of  a  research  effort  with  the  Aeronautical  Systems  DlvlsLon  at 
Wright  Patterson  Air  Force  Base,  Ohio. 

267 

«■  VW*  i  n 


AN  APPROACH  TO  DESIGN  OF  SIMULATION  SYSTEMS  FOR  TRAINING 
AND  SELECTION  OF  PILOTS  IN  AN  ENVIRONMENT  OF  COMPETITION 

Leonid  Lipchln,  Ph.D. 

Hlqher  Order  Software,  Inc. 

Cambridge,  Massachusetts  02139 


Abstract 

This  paper  describes  f-aininq  and  selection 
methodology  for  developing  maximum  efficiency  of  an 
ooerator  in  the  context  of  compensatory  tracking. 

The  major  idea  is  a  motivation  principle  of  training 
based  on  competition.  The  function  of  ooerator 
efficiency  (OEF)  is  introduced.  The  classification 
criterion  for  dynamic  stereotypes  of  operators  is 
discussed.  A  particular  competitive  structure  is 
chosen  for  each  dynamic  stereotype.  While  competing 
for  the  leadership  position,  {operator  selection 
requirements)  the  operator  continually  compares  the 
relative  dynamics  of  his  OEF  to  others. 

The  test  runs  on  the  condition  that  the  operator 
believes  he  competes  against  authentic  recorded  time 
history  OEF's  of  real  operators  who  have  been  pre¬ 
viously  tested.  In  reality,  his  display  is  indi¬ 
cating  computer-simulated  data  which  can  be  manipu¬ 
lated  by  the  examiner  depending  on  the  operator's 
performance.  Application  of  this  methodology  to 
training  and  selection  of  cosmonauts  for  the  docking 
task  is  considered. 


Introduction 

Proper  training  and  selection  of  operators  in 
manual  control  is  one  important  method  to  make  a 

man-machine  svstem  more  efficient.1  This  problem 
has  been  studied  in  the  context  of  compensatory 
tracking  where  the  operator  must  determine  his 
control  actions  from  indirect  information.  For 
specific  control  tasks,  the  operator's  dynamic 
stereotype  develops  during  the  process  of  training. 
The  dynamic  stereotype  describes  the  operator's 
skill  to  choose  and  maintain  the  compensatory  control 
function  during  a  neriod  of  time.  We  can  observe 
the  ability  (qualitative  parameters)  of  people  to 
control  a  svsrm  through  the  parameters  of  skill 
(quantitative  parameters).  Physical  skill  and 
psychological  factors,  important  in  man-machine 
interaction,  form  the  dynamic  stereotype  as 

discussed  by  others.1 

.ie  can  construct  a  mathematical  function  E(t) 
of  operator  efficiency  (OEF)  for  each  specific  task. 
rhis  function  takes  into  account  how  well  the  subject 
succeeded  (or  failed)  throughout  the  task  step  by 
step.  The  final  OEF  value  Eft)  is  a  measure  of 
success  fnteorated  over  the  entire  task. 

The  approach  is  based  on  the  following 
statements. 

i;  "or  oacn  specific  task,  operators  cjn  be 

t'ied  tv  a  Mn'te  number  of  dynamic  stereotypes 

Df.  I  -  i  L  r.  (I) 


(2)  For  each  dynamic  stereotype,  a  definite 
ranqe  of  possible  maximum  value,  of  the  final  OEF 
can  be  determined: 

E,i„:Ei°i'T)iW  <2) 

(3)  The  operator  expresses  his  dynamic  stereo¬ 
type  through  the  time  history  (tempo)  and  final 
value  of  the  OEF,  EQ  (DitT). 

(4)  The  final  value  of  the  measured  OEF  for  any 
subject  can  approach  the  maximum  of  the  range  for 
his  stereotype  only  through  proper  training. 

(5)  Motivation  based  on  competition  is  the  most 
important  factor  in  training  efficiency. 

(6)  There  are  three  ranking  stereotypes,  L, 
which  determine  the  best  initial  ranking  of  any 
subject  relative  to  his  competitors:  (a)  LEADER  -- 
one  who  achieves  maximum  efficiency  only  when  he 
starts  by  leading  his  competitors;  (b)  OUTSIDER  -- 
one  who  achieves  maximum  efficiency  only  \e  he  begins 
behind  all  other  competitors;  and  (c)  NEUTRAL  -- 

one  who  achieves  maximum  efficiency  irrespective 
of  initial  ranking. 

If  these  statements  are  accented,  it  is  possible 
to  establish  training  and  selection  methodology  for 
developing  maximum  efficiency  of  any  operator. 


Methodology 

Basic  Idea 

While  competing  for  leadership  position 
(operator  selection  requirements)  the  operator 
continually  compares  the  relative  dynamics  of  his 
OEF  to  others.  For  this  methodology  display  of 
competition,  which  can  indicate  the  OEF  time  history 
of  all  competitors  to  subject  and  examiner  is 
required.  This  can  be  added  to  existing  cockpit 
displays.  The  test  runs  on  the  condition  that  the 
operator  believes  he  competes  against  authentic 
recorded  time  history  OEF's  of  real  operators  who 
have  been  previously  tested.  In  reality,  his  display 
is  indicating  computer-simulated  data,  which  can  be 
manipulated  by  the  examiner. 

First  (Fig.  I),  it  is  necessary  to  collect  and 
process  training  test  data  for  the  specified  task 
from  a  large  number  of  operators  over  a  period  of 
time.  From  a  model  of  the  task,  the  OEF  ano  the 
required  final  value  for  success  in  the  task  are 
determined.  Through  analysis  of  this  data,  the 
number  of  dynamic  stereotypes  as  well  as  the  charac¬ 
teristic  time  history  and  range  of  final  OEF  values 
of  the  dynamic  stereotypes  can  be  established  (Fig.  21. 
A  few  averaae  time  histories  with  different  charac¬ 
teristic  frequencies  for  each  dynamic  stereotype  can 
then  be  modeled  by  computer  methods. 


2f»8 


Best  Available  Copy 


r<3-  *  CMr*  9 f  K#jor  Performed  In  OtvcloDln?  7r« Inina 
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The  examiner  can  create  competitors  of  any 
dynamic  stereotype  by  computer  simulation,  i.e.,  he 
can  compose  any  environment  of  competition  for  any 
operator.  The  examiner  must  first  (Fig.  3)  determine 
the  subject's  ranking  stereotype  by  a  psychological 
test.  The  subject  Is  Instructed  that  selection  will 
be  made  on  the  result  of  competition.  He  Is  told 
that  some  of  his  competitors  have  passed  the  exami¬ 
nation  before.  He  Is  instructed  about  the  meaning 
of  the  OEF  and  how  It  is  displayed,  and  he  is  told 
that  he  can  continuously  see  the  time  histories  of 
OEF's  of  his  competitors  which  have  been  previously 
recorded.  He  is  instructed  that  he  must  place  first 
in  the  competition  to  be  selected.  Then  the  training 
begins. 


fll.  3  F1"*  Chart  fit  Um  rmeislMf  aifriifc. 


First,  the  examiner  runs  short  tests  to  deter¬ 
mine  dynamic  stereotype  based  on  leadership  stereo¬ 
type  (IjADj).  During  this  time",  the  examiner 

simulates  different  structures  of  comnetltion  and 
analyses  the  time  history  of  OEF  of  the  operator. 
Then,  the  normal  test  is  run  where  the  oDerator  is 
comoared  to  some  number  of  simulated  candidates. 

The  test  is  finished  and  the  examiner  analyzes  test 
data.  The  next  test  will  be  for  a  more  complicated 
structure  of  competition.  Stability  of  final  OEF 
value  EjjdjAD^,  T)  during  a  few  tests  can  reveal: 

(1)  maximum  efficiency  of  operator;  and  (2)  if  a 
mistake  was  made  in  initial  dynamic  stereotype 
classification.  Further  tests  can  then  be  made  to 
confirm  new  classification.  We  can  say  that  the 
operator  is  sufficiently  trained  if  the  final  OEF 
value  has  been  stabilized  and  also  has  reached  its 
threshold  value  over  the  number  of  running  tests. 


Appl ication 

3  8  9  2 

This  methodology  was  invented  ’  ’  and  patented 

under  sponsorship  of  Project  "SOYUZ's"  in  the  USSR. 

It  was  applied  to  the  training  and  the  selection  of 
’  3  a 

cosmonauts  for  the  docking  task.  ’  Figure  4  shows 
the  geometry  of  the  guidance  plane.  Relative  velocity 
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o  characterizes  the  time  remaining  until  docking  and 
lateral  velocity,  V1at  determines  the  projected  error 

h.  The  task  of  the  cosmonauts  Is  to:  (1)  reduce  p 
to  a  minimum;  (2)  eliminate  Initial  error;  and 
(3)  keep  center  axes  of  both  spacecrafts  the  same. 


r ’  ~L  .  ;  Strtjct'jff  'if  tf.f  Oovfciro  T«*. 


Figure  5  shows  the  initial  and  final  conditions 
for  docking.  For  visual  determination  of  mutual 
orientation  of  both  vehicles  on  the  passive  space¬ 
craft  there  are  landmarks  and  spotlights.  By  these 
aids,  the  cosmonaut  can  determine  declination  between 
mutual  central  axes  in  one  plane,  as  well  as,  "too" 
and  "bottom"  of  coupling. 


•  .t  ; 
r»r 


Figure  6  shows  the  structure  of  control  of 
spacecraft  during  the  manual  docking  manuever.  The 
cosmonaut  makes  decisions  about  required  control 
actions  only  on  the  basis  of  information  about 
distance  to  target  and  relative  velocity  from  a  radar 
system,  and  bearing  and  roll  from  an  optical  sight 
system.  The  cosmonaut  monages  a  set  of  rocket 
engines  in  order  to  control  approach  parameters  as 
well  as  vehicle  stability.  Because  the  cosmonaut 
has  a  finite  response  time,  he  brings  into  the 
control  system  a  minimum  amount  of  angular  instabi¬ 
lity,  wy,  uy 


Hvarrns 


For  the  first  part  of  the  docking  manuever 
(p  =  200  f  1000  m)  the  cosmonaut  should  keep  the 
parameters  of  approach  within  the  proper  hatched 
field  which  is  displayed  in  Fig.  7.  The  limit  of 
the  field  is  modeled  by  computer,  but  during  the  last 
part  of  docking  {most  important,  p  <  200  m),  the 
cosmonaut  has  more  responsibility  to  minimize  the 
error  in  approach  parameters.  The  0EF  for  this  task 
was  determined  on  the  basis  of  a  mathematical  model 
of  docking,  which  determines  the  time  and  dynamics 

of  docking  and  expenditure  of  fuel  F  and  F  . 

x  y 


|  .«  v  <9.„  ...  | 
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Fig.  8  Permissible  Fields  of  Control  for 

Final  Conditions  of  the  Oocking  Task 


Figure  8  shows  permissible  ranges  of  control 
{"hatched  areas)  for  distance  (1),  velocity  of  ap¬ 
proach  (2),  and  fuel  consumption  rate  (3)  as  func¬ 
tions  of  time.  Typical  control  trajectories  for 
operators  during  simulation  are  shown  by  the  dashed 
line.  Excursions  outside  of  the  permissible  control 
fields  (PCF)  characterize  non-optima!  control 
behavior  by  the  human. 

The  Sush-Mos teller  function  was  chosen  to 
construct  the  OEF:11 


Ei ■  *£i-1  - 

n-c) 

(3) 

l1- 

F  c  PCF 

<i  -  0. 

F  $  PCF 

(4) 

Ei-!’ 

F1  *  Fi-1 

the  components  of  the  n-dimensional  vector  E  are 
phase  coordinates  of  the  scalar  function  E(t),  which 
vary  with  time.  Then  the  discrete  variant  of 
Kalman-Bucy  estimator: 


En  =  *  En-1  *  r“n 

!6) 

Zn  =  H  En  +  vn 

(7) 

and  its  recurrent  equations, 

En  =  ^  En-1  +  Pp  H'  (H  p‘  H'  +  R)‘ 

1  (Zn*H<>En-l> 

(8) 

p*  *  p:  -  p:  h'(hp: h1  +  r)*1 

n  n  n  n  ' 

HPn 

(9) 

Pn  *  *Cl  ♦'  +  r®r 

(10) 

will  be  as  follows.  Instead  of  (8),  we  will  have  a 
system  of  scalar  equations: 


-  i [n] 

E,[«J  ■  Ef[n]  ♦  -v-  1  (Z^-EfEn]) 

Pn[n]  +  o  [n] 

p;,[n] 

E2[n]  -  E'[n]  +  g—  (Z,  [n]  -  ET[n] ) 

Pjl  [n]  +  o^[n] 


(ii ; 


=  Em[n;l  + 


-  2  ■  (Z,Cn]-Ej[n]) 

P]  i  [n]  +  o  [n.] 


Similarly,  Instead  of  (9)  we  will  have: 


P{]["3  *  P^Cn]  - 
P|2£n]  “  P^2Cn]  - 


P11^J 

P^[n]  +  o2[n] 

P11<>J 

P^Cn]  +  cr2[n] 


Pll^j 

Pg2[n] 


1 


For  this  specific  task  the  function  has  the  following 
*orm: 

1  N  T-£t, 

£-T)  *  T~  exol--j —  }  x(it,)  At,  (5) 

o  1*0  'o  1 

-he r \  »  At/H-*’  ,ii<j  a  *  [1  -  (4  At/T)]  . 


" p;"w  •  w 

x  Piin[n] 

P7?[n]  »  P~22 [n]  -  12 


■-;,ro  - 


7T~  P'22W 


TMs  function  wa,  construct eo  using  a  Kalman- 
3ucy  filter.  The  author  developed  a  digital  scalar 
'orm  of  this  filter  which,  for  this  specific  purpose, 

nr, t  require  matrix  Inversion.'®  Assume  that 


PlCn'J 


P"  [n]  - 
mm 


P^ 


Pj,Cn]  ♦  o*[n] 


P‘  C‘0 

mm  J 


(12) 
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Calculation  of  the  elements  of  the  matrix  P 
is  done  according  to  extraoolation  model  of  the 
signal : 


Ej[n]  *  E,[n-t]+  . 

"  *  almEm^->] 

E2[n]  »  a,,  E , [n- 1 ]  *  . , 

*  a2mEmtn-^ 

£>]  -  a 


ml  U1 


E,[n-1]  +  ...  +  a_  E_[n-ll 
I1,  J  n  r 


(13) 


on  the  basis  of  the  following  formulae  of  the  proba¬ 
bility  theory: 


Pj  j[n]  -  MiE^n-1]  Ej£n-l]  J  *  f(Pt-ln-l  ]  a. . )  (14) 


[n  each  step  of  the  procedure  of  the  estimation 
algorithm,  we  do  the  following  calculations: 
compute  E[n]  according  to  (13);  form  the  measure¬ 
ment  Z,[n];  comoute  P7.  according  to  [14]; 
detennine  E[n]  according  to  (11);  and  compute 
P*j[n]  according  to  (12). 

The  procedure  for  defining  the  number  of  dynamic 
stereotypes  was  done  on  the  basis  of  analysis  of 
trainlno  fpst  data  of  36  trained  operators.  The 
OEF  was  computed  for  each  test  of  each  subject. 
Dynamic  stereotypes  were  then  selected  on  the  basis 
of  the  OEF’s.  Dynamic  stereotypes  D-  were  deter¬ 
mined  in  a  two-step  procedure.  In  the  first  steD 
the  basic  D^  were  determined  according  to  the  fol¬ 
lowing  set  of  parameters:  range  of  final  OEF  values 
and  number  of  test  values.  In  the  second  step,  D- 

were  determined  more  precisely  by  a  digital  spectral 
analysis  technique.  First,  normalized  estimation  of 
the  integrated  sample  co-soectrum  was  determined, 
which  measures  the  total  In  phase  covariance  between 
the  two  processes  for  all  frequencies  less  than 


2  £  _ 

I12(fe)  ’  NS,  S2^t  ,£0L12v'i 


(M 


(15) 


wnere 

l-l 

l,2(f.)  *  2  f  >-12(0)  +  l  J.12(K)w(K)  cos(ir1K/H)}, 

0  <  1  <  F  (16) 


Ctz(K>  »  2  f  c1200  +  C12(-<)  r. 


0  <  K  <  L-l  (17) 


It  is  known  that  if  the  two  processes  are  un- 
correlated  then  l,2(fp)  is  exactly  zero,  but  if  the 
two  processes  are  correlated  I,2(fp)  takes  on  non¬ 
zero  values.  Estimations  of  !mn  for  a  certain 
frequency  fK  =  1/2  At  were  computed  for  a'l  combi¬ 
nations  from  the  set  of  functions  E Q p ( t }  -  E.  As 

a  result,  four  basic  dynamic  stereotypes  were 
determined  for  this  task.  For  each  0 ( ,  the  average 

OEF  time  history  was  simulated.  On  the  basis  of 
analysis,  it  was  possible  to  estimate  the  influ¬ 
ence  of  the  numbers  of  competitors  N  and  NQ  on  the 

relative  decreasing  time  of  stabilization  of  final 
OEF  values.  Figure  9a  shows  the  result  for  eleven 
competitors  and  Fig.  9b  for  five.  It  is  possible 
to  see  that  decreasing  the  number  Nq  in  the  leader 

group  (i.e.,  subject  should  initially  be  one  of  the 
top  N  competitors,  NQ  =  N;  then  N-l,  N0  =  N-H  .. 

and  finally  he  should  finish  first,  N  =  1 ) ,  requires 

the  subject  to  complete  the  task  in  steadily  de¬ 
creasing  amounts  of  time.  This  involves  increasing 
productivity  on  the  part  of  the  subject  and  simul¬ 
taneously,  the  time  required  to  stabilize  the  final 
OEF  value  decreases.  Also  the  deviation  of  tne 
values  of  AT/T  is  decreasing  as  the  task  becomes 
more  complicated. 

Training  in  an  environment  of  competition  was 
conducted  with  four  simulated  competitors.  Display 
of  competion  indicated  (Fig.  10)  five  bars,  the 
heights  of  which  Droportional ly  indicated  the  current 
values  of  OEF  of  operator  B  and  four  simulated 
competitors  (a);  elapsed  time  of  test  (b);  the 
percentage  of  task  goal  remaining  (c);  and  number 
of  the  test  run  (d). 


PI- K 

'  !Eit-fl)(E2t*K'  Z2]'  0  1  K  i  L'1  (18) 


.jrM  ire  -sr.lmators  of  the  standard  deviations. 


Flq.  9  Typical  Relationship  Between  Productivity 
of  Human  Behavior  and  the  Number  of  the 
Leader  Group  Computed  for  Eleven  Comoetiturs 
in  9(a)  and  for  Five  Competitors  in  9(b) 
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Fig,  10  Competition  Display 


The  operator  is  matched  to  one  of  the  four  basic 
dynamic  stereotypes  on  the  basis  of  his  final  OEF 
values  and  the  range  of  final  OEF  values  of  the  basic 
dynamic  dynamic  stereotypes,  as  well  as  the  parameter 
Or  : 
wi 


which  shows  the  level  of  oscillations  for  Eop(t) 

relative  to  En  (t). 

ui 


Figure  11  shows  the  typical  time  histories  of 
the  OEF  for  five  channels  of  manual  control: 
velocity  of  anqular  stability  (u^,,  fuel 

consumption  rate  {F  ,  F  );  ami  relative  velocity 

m  *  y 

of  approach  o.  Column  a  contains  test  data  without 
the  environment  of  competition  and  data  in  column  b 
was  taken  using  the  environment  of  competition.  Both 
operators  had  taken  i5  test  runs.  At  the  bottom  of 
each  column,  values  of  OEF  are  shown  integrated 
across  all  channel  with  respect  to  time. 


In  order  to  further  determine  the  effectiveness 
o'  the  training  methodology,  we  compared  the  results 
obtained  by  training  two  populations  of  pilots  whose 
orevf ous  professional  ccmoetitiveness  were  consi¬ 
dered  very  similar.  One  oopulation  A,  was  trained 
usinfj  the  classic  methodology:  population  8  was 
•rained  by  the  environment  of  competition  method. 

•i dure  1?  show,  the  average  final  OEF  value  for 


Fig.  11  Comparison  of  the  Typical  Histories 
of  the  OEF  for  Five  Channels  of 
Manual  Control 


Fig.  12  Comparison  of  the  Relationships 

Between  the  Average  Final  OEF  Value 
and  the  Number  of  Test  Runs 

these  subjects  as  a  function  of  the  number  of  test 
runs  completed  with  competition  methodology  (2)  and 
without  competition  (1). 


Conclusion 


In  spite  of  some  difference  between  subjects, 
both  functions  (Fig.  12)  show  us  that  in  an 
environment  of  competition  the  thresholu  value  E ( T ) 
for  OEF  can  be  reached  with  fewer  test  runs  than1 
by  traditional  methodology;  and  the  stable  value 
of  the  final  OEF  reached  with  the  environment  of 
competition  was  higher  than  by  traditional  methodology. 

A  methodology  has  been  described,  which  when 
combined  with  manned-vehicle  systems  analysis  can 
aid  further  investigations  of  human  behavior  in  nan- 
machine  systems  to  increase  their  efficiency. 
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Further  Work 


In  the  future,  we  expect  the  following  topics 
to  be  of  Interest:  research  in  optimal  training 
strategies  based  on  the  game  theory;  and  reli¬ 
ability  estimations  of  the  results  of  pilot  training. 
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Mr.  Michael  Zeldin  (Harvard  University)  for  their 
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ABSTRACT 


Vibration  at  frequencies  above  SO  Hz  applied  to  the  tendon  of 
the  extensor  muscles  of  the  ankle  joint  produce  the  tonic  vibra¬ 
tion  reflex  (TVR)  which  inoreases  when  the  vibration  frequency  is 
increased.  The  TVR  affects  a  joint's  mechanical  response  to  both 
sinusoidal  and  random  oscillations  in  a  manner  similar  to  that 
seen  with  tonic  voluntary  contraction.  Vibration  also  inhibits 
the  myotatio  component  of  the  stretch  reflex  measured  in  the  BMG. 
The  degree  of  inhibition  is  proportional  to  the  vibration  fre¬ 
quency.  This  is  in  contrast  to  the  facilitation  of  the  myotatic 
reflex  produaed  by  tonic  voluntary  contraction.  Vibration  does 
not  influence  the  post-myotatio  component  of  the  stretch  reflex. 
The  selective  influence  of  vibration  on  myotatic  and  post- 

myotatio  responses  suggest*  different  anatomical  and  functional 
organization  underlying  these  responses. 


INTRODUCTION 


The  suppression  of  the  patella  reflex  in  human  subjects  seated 
on  a  vibrating  platform  was  observed  some  forty  years  back  by 
Coarmann  (1938,  cited  by  Goldman,  1948).  Interest  in  this  affect 
of  vibration  was  renewed  by  the  studies  of  Hagbarth  and  Eklund 
(1966)  and  DeGail,  Lance,  and  Neilson  (1966) .  The  tonic  vibration 
reflex  (TVR)  and  the  suppression  of  both  tendon-jerk  and  Hoffmann 
reflexes  were  observed  in  eaah  of  these  studies.  Numerous  studies 


since  have  shown  that  vibration  of  the  limb  in  animals  as  well 
as  humans  activates  both  monosynaptic  and  polysynaptic  spinal  loops 
(Hagbarth  1973;  Lance,  Burke  &  Andrews,  1973;  Matthews,  1972). 

The  exact  mechanisms  by  which  vibration  suppresses  monosynaptic 
reflexes  are  not  fully  resolved.  Various  mechanisms  suggested 
include  peripheral  occlusion  of  Za  afferents,  presynaptic  inhibi¬ 
tion  of  la  inputs  at  the  motoneuron  level,  fusimotor  driven  changes 
in  spindle  sensitivity,  and  reciprocal  inhibition  of  motoneurons 
due  to  activation  of  primary  endings  of  antagonist  muscle  groups 
(Barnes  &  Fompeiano,  1970;  Fromm  &  Noth,  1976;  Gillies  et.  al., 
1969;  Homma,  et.  al.,  1975;  Dindars  Verrier,  1975).  Although  most 
studies  have  shown  inhibition  of  the  monosynaptic  reflexes,  excep¬ 
tions  have  been  observed.  Godaux  &  Desmedt  (1975)  have  shown  that 
100  Hz  vibration  of  the  human  masseter  muscle  potentiates  both  the 
masseter  tendon- jerk  and  H-reflex.  Agarwal  &  Gottlieb  (1976)  found 
the  effect  of  vibration  on  the  achilles  tendon  jerk  to  be  fre¬ 
quency  dependent.  The  tendon  jerk  was  inhibited  at  60  and  100  Hz, 
but  was  facilitated  at  160  and  200  Hz  vibration.  The  H-reflex  was 
also  inhibited  at  60  and  100  Hz,  slightly  inhibited  at  160  Hz  and 
unchanged  at  200  Hz.  Desmedt  &  Godaux  (1978)  have  shown  that  the 
inhibitory  effects  of  vibration  increase  with  amplitude,  but 
decrease  when  the  vibration  frequency  is  increased.  The  paradox 
that  on  one  hand  maintained  vibration  activates  a  tonio  contrac¬ 
tion  (the  TVR)  while  on  the  other  hand  simultaneously  inhibits  the 
phasic  reflexes  is  yet  to  be  adequately  explained. 

The  TVR  produces  involuntary  movements  when  the  joint  is  free 
to  move  and  in  an  isometric  situation  it  produces  illusions  of 
movements  (Goodwin,  McClosksy  &  Matthews,  1972;  MoCloskey,  1973; 
Craske,  1977) .  Jaeger,  Agarwal  &  Gottlieb  (1979)  have  shown  that 
the  vibration  at  100  Hz  applied  to  the  muscle  tendons  of  solcus 
and  anterior  tibial  muscles, Increases  both  the  simple  and  choice 
reaction  times  in  a  discrete  traoking  task.  This  effect  is  pre¬ 
sumably  due  to  altered  peripheral  feedback  which  influences  motor 
command  decision  making. 

Hendrie  and  Lee  (1978)  have  shown  selective  effects  of  vibra¬ 
tion  at  120  Hz  applied  to  the  human  forearm  on  the  M.  and  M,  -  M, 
responses  recorded  from  the  wrist  flexor  muscles.  A  marked  sup¬ 
pression  of  M^  was  observed,  but  vibration  did  not  significantly 
change  the  M2  -  M3  component  of  the  response. 

In  this  paper  we  will  present  the  results  of  experiments  with 
vibration  applied  to  the  tendon  of  the  extensor  muscles  of  the 
ankle  joint  in  normal  human  subjects,  on  the  mechanical  parameters 
of  the  joint  as  well  as  its  selective  effect  on  spinal  mechanisms. 
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METHODS 


Experiments  were  done  on  six  normal ,  adult,  human  subjects. 

A  subject  sat  in  a  chair  with  the  right  foot  strapped  to  a  foot¬ 
plate  which  could  rotate  about  a  horizontal,  dorsal-plantar  axis 
through  the  medial  maleolus.  A  digital  computer  (General  Automa¬ 
tion  SPC-16/65)  recorded  foot  angle  (0)  and  torque  (T)  (sampling 
rate  250/s)  and  rectified,  filtered  EMG  (sampling  rate  500/s)  from 
the  soleus  muscle  ( SM)  and  anterior  tibial  musole  (AT)  using  disk 
surface  electrodes.  The  layout  of  the  apparatus  is  shown  in  Figure 
1  and  a  more  complete  description  is  available  in  Agarwal  & 

Gottlieb  (1977a).  Vibration  was  applied  to  the  Achilles  tendon 
using  a  Hagbarth-type  vibrator  ( TRV- Vibrator,  Model  #TMT-18,  Heiwa 
Electronic  Industrial  Corp. ,  Japan)  attached  with  surgical  tape. 
Vibrator  frequencies  were  selected  at  50,  75,  100,  125,  or  150  Hz. 

The  plate  could  be  rotated  by  a  DC  torque  motor  (Inertial 
Motors  Corp.  #06-24)  via  a  gearbelt  and  pulley  system  for  torque 
amplification.  Constant  tension  springs  were  also  used  to 
counterbalance  gravitational  torque.  With  the  subject  completely 
relaxed,  the  resulting  joint  position  (approximately  90  degrees 
between  the  foot  and  the  tibia)  was  defined  as  the  reference 
position  of  the  ankle  joint.  A  dual  beam  oscilloscope  provided  the 
sub j eat  with  visual  feedback  of  his  foot  angle  on  one  channel  and 
the  reference  position  on  the  other. 


Experiment  1»  High  frequency  vibration  (50-150  Hz)  produces  a 
tonic  vibration  reflex  (TVR)  contracting  the  gastrocnemius-soleus 
muscle.  The  resulting  torque  due  to  the  TVR  waa  counterbalanced 
by  applying  an  appropriate  level  of  bias  torque  with  the  motor  so 
that  the  subject  would  maintain  the  reference  position  without 
voluntary  effort.  Sinusoidal  torques  in  the  frequency  range  of  3 
to  12  Hz  were  then  superimposed  on  the  bias  torque  level.  The 
experiment  was  repeated  without  vibration  but  with  the  same  level 
of  bias  torque  which  required  tonic  voluntary  contraction  of  the 
gastrocnemius-soleus  muscles. 

Fourier  Berias  coefficients  were  computed  from  the  torque  and 
angular  rotation  data  to  calculate  the  effective  compliance  of  the 
ankle  joint.  (For  details  see  Agarwal  &  Gottlieb,  1977a;  Gottlieb, 
Agarwal,  &  Penn,  1978). 

The  compliance  data,  presented  in  Fig.  4  and  6,  can  be  approxi¬ 
mated  by  a  linear  mechanical  system  consisting  of  a  moment  of  in¬ 
ertia  (J) ,  a  viscous  element  (B) ,  and  an  elastic  element  (K). 

Such  a  system  is  described  by  a  linear  differential  equationi 
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t«j||2  +  b||+k0 


(1) 


where  T  and  0  are  the  torque  and  angular  rotation.  In  Laplace 
transform  notation  the  complex  compliance  is  given  by: 


c(s)  "  f  "  jIT’T'bs-+”k  ( 

where  S  is  the  complex  frequency.  The  solid  lines  in  Fig.  4  and 
6  represent  the  'best'  fit  of  equation  (2)  to  the  data. 


Experiment  2?  A  band-limited  gaussian  (0-15  Hz)  signal  was  pre¬ 
recorded  from  a  noise  generator.  These  time-varying  signals  were 
superimposed  on  a  bias  torque  level  as  in  Experiment  1.  The  input 
was  applied  for  30  sec  or  more  and  the  data  continuously  recorded 
on  a  digital  tape. 

The  data  was  analyzed  by  computing  the  auto-  and  cross-power 
spectra  of  the  angle  and  torque  records  using  4.096  sec  data 
records  (1024  points)  and  cosine  taper  with  2.048  sea  of  overlap 
between  successive  records.  Transfer  functions  and  coherence  were 
computed  (Agarwal  &  Gottlieb,  1977b?  Gottlieb  &  Agarwal,  1978). 
Figure  6  shows  the  compliance  magnitude  and  phase  as  calculated 
from  the  complex  transfer  function.  The  coherence  function  was 
calculated  to  check  the  linearity  assumption.  Average  coherence 
values  are  given  in  Table  1. 


Experiment  3:  In  the  third  experiment,  pulses  of  torque  lasting 

one  second  were  applied  to  dors if lex  the  foot.  The  instructions 
to  the  subject  were  to  react  as  quickly  as  possible  in  opposition 
to  the  motor  pulse  and  restore  the  foot  to  its  original  position. 
For  details  of  the  methods,  Bee  Gottlieb  and  Agarwal  (1979) . 

Three  to  nine  pulse  amplitudes  were  used  in  most  experiments. 
Pulse  amplitudes  and  interstimulus  intervals  were  in  pseudorandom 
sequence.  Ten  responses  at  each  amplitude  level  were  averaged  and 
graphed  as  shown  in  Figures  7  and  8. 

Visual  inspection  of  the  EMG  records  determined  the  time  in¬ 
terval  over  which  a  particular  EMG  response  occurred  and  the  area 
under  each  record  for  that  interval  was  computed. 

To  compensate  for  shifts  in  the  base  line  produced  by  tonic 
voluntary  contraction  (or  due  to  TVR) ,  we  computed  the  average 
value  of  the  EMG  over  the  50  ms  interval  prior  to  the  torque  stim¬ 
ulus  and  subtracted  this  from  the  EMG  in  the  integration  interval. 

The  rate  of  joint  rotation  and  hence  muscle  stretch  changes 
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rapidly  upon  application  of  a  torque  pulse.  The  average  velocity 
in  16  to  24  ms  interval  after  torque  onset  was  used  as  the  inde¬ 
pendent  variable  in  graphing  integrated  EMG  response  versus 
stimulus  intensity.  The  experiment  was  done  without  vibration  and 
at  three  vibration  frequencies  (50,  100,  and  150  Hz).  When  vibra¬ 
tion  was  applied,  the  resultant  TVR  torque  was  counter-balanced  by 
the  motor  bias  torque  to  maintain  the  reference  position.  For 
comparison,  experiments  were  also  done  without  vibration  with  bias 
torques  requiring  comparable  tonic  voluntary  contraction  of 
gastrocnemius- soleus  muscle. 


RESULTS 


Sinusoidal  Oscillation 


Figure  2  shows  the  first  2  s  of  oscillation  due  to  a  5  Hz 
sinusoidal  torque  input  without  vibration  and  with  vibration  at 
50,  100,  and  150  Hz.  The  input  torque  amplitude  is  the  same  in 
all  four  cases.  The  amplitude  of  the  angular  rotation  decreases 
with  increasing  vibration  frequency  indicating  greater  stiffness 
of  the  joint.  There  is  very  little  EMG  activity  in  the  AT.  For 
the  SM,  note  the  different  EMG  scale  for  no  vibration  case, 

There  Is  a  reduction  of  about  20%  in  the  peak  to  peak  amplitude  of 
rotation  with  50  Hz  vibration,  while  the  soleus  EMG  response  is 
reduced  by  a  factor  of  2. 

The  width  of  the  SM  EMG  burst  is  increased  with  vibration  as 
shown  in  the  two-cycle  averages  in  Figure  3.  In  these  averages, 
each  horizontal  trace  represents  the  average  response  at  a  single 
frequency  with  3  Hz  in  the  back-ground  and  12  Hz  in  the  foreground. 
They  show  a  clear  reduction  in  the  amplitude  of  angular  rotation 
with  increasing  vibration  frequency.  In  the  SM,  there  is  a  sig¬ 
nificant  decrease  in  the  starting  time  of  the  EMG  pulse  with 
respect  to  the  most  plantar  point  of  rotation  as  the  vibration 
frequency  is  increased. 

Figure  4  shows  the  compliance  of  the  ankle  joint  and  its  phase 
angle  as  a  function  of  the  input  frequency.  The  solid  lines  are 
the  best  linear  second-order  model  fit.  The  mechanical  parameters 
of  the  model  are  shown  in  Table  1.  As  the  vibration  frequency  is 
increased,  the  bias  torque  needed  to  counterbalance  the  TVR  also 
increases  proportionately.  The  moment  of  inertia  and  the  viscosity 
remain  relatively  constant  but  the  joint  stiffness  increases  by 
nearly  a  factor  of  two  from  no  vibration  to  150  Hz  vibration.  The 
resonant  frequency  increases  from  5.9  to  7.3  Hz. 


Random  Torque  Input 


Figure  5  shows  a  response  to  a  bandlimited  (0-15  Hz)  Gaussian 
torque  input  with  no  vibration,  I 50  Hz  vibration,  and  with  no 
vibration  and  a  voluntary  contraction  equivalent  to  the  previous 
TVR. 


Figure  6  shows  the  compliance  and  phase  angle.  The  parameters 
o£  the  second  order  model  are  shown  in  Table  1.  Again  the  moment 
of  inertia  and  viscosity  are  nearly  constant  while  the  stiffness 
increases  with  vibration  frequency.  The  effect  of  vibration  on 
stiffness  is  exactly  the  same  as  with  voluntary  contraction  against 
a  bias  torque  without  vibration.  The  last  column  of  this  table 
shows  the  average  coherence  value  over  the  frequency  range  of  2 
to  15  Hz  used  for  aurve  fitting. 


Stretch  Response 


Figures  7  and  8  show  the  results  of  the  third  experiment  for 
two  different  subjects.  Part  (a)  shows  averaged  responses  of 
angular  rotation  and  the  SM  EMG.  The  step  torque  is  applied  50  ms 
after  the  start  of  the  record.  In  Figure  7a  the  two  cases  are 
without  vibration  (top)  and  with  50  Hz  vibration  (bottom).  In 
Figure  8a  (bottom)  vibration  is  at  100  Hz.  In  both  subjects,  the 
first  component  of  the  EMG  response  between  30  and  100  ms  after 
the  torque  application  (this  corresponds  to  80  and  150  ms  in  these 
plots)  is  significantly  reduced  with  vibration  but  the  second 
component  is  nearly  unaltered.  These  responses  are  quantitatively 
compared  by  plotting  the  integrated  EMG  in  appropriate  intervals 
versus  the  stretch  velocity  as  shown  in  parts  (b)  and  (c).  The 
straight  lines  are  first  order  regression  curves.  The  slopes  of 
these  lines  are  defined  as  the  rosponse  gain. 

Table  2  shows  the  gain,  the  correlation  coefficient  and  the 
velocity  threshold  (intercept  of  the  regression  line  on 

the  abaoissa)  for  the  myotatic  component  (before  100ms)  and  the 
post-myotatic  component  (after  100  ms).  Responses  without  vibra¬ 
tion  were  done  at  the  start  of  the  experiment  (x-points)  and  re¬ 
peated  after  the  vibration  inputs  (v-points) .  For  subject  GCA, 
the  myotatic  reflex  gain  is  reduced  by  a  factor  of  10  between  the 
no-vibration  and  150  Hz  vibration.  For  subject  BXK,  the  gain  ia 
reduced  by  a  factor  of  3  with  100  Hz  vibration.  It  should  be 
emphasized  that  the  tonic  voluntary  contraction  of  the  soleus 
muscle  increases  the  myotatic  reflex  gain  (Gottlieb  and  Agarwal, 
1979).  The  last  line  in  the  table  for  subject  BXK  represents  the 
condition  of  tonic  voluntary  contraction  without  vibration  which 
demonstrates  this  increase. 

The  gain  of  the  post-myotatic  responses,  120  to  250  ms  in  Fig. 
7(c)  and  130  to  250  ms  in  Fig.  8(c),  is  not  significantly  influ¬ 
enced  by  vibration.  Just  as  with  the  earlier  myotatic  reflex, 
this  response  is  highly  and  linearly  correlated  with  the  rate  of 
ankle  rotation. 
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DISCUSSION 


Sinusoidal  &  Random  Torque  Inputs 


The  visco-elastic  parameters  of  the  ankle  joint  have  been 
•hown  to  be  linear  functions  of  the  level  of  muscle  contraction. 
(Agarwal  &  Gottlieb,  1977b;  Gottlieb  &  Agarwal,  1978).  The  vibra¬ 
tion  produced  TVR  contraction  of  the  muscle  changes  its  mechanical 
properties  in  a  manner  not  distinguishable  from  voluntary  contrac¬ 
tion.  The  co-variation  of  ankle  joint  stiffness  with  joint  torque 
is  the  same  whether  that  joint  torque  is  produced  by  voluntary 
contraction  or  the  TVR  (table  1) . 

In  an  earlier  study  (Agarwal  and  Gottlieb,  (1977a)  we  have  shown 
that  the  resonance  in  compliance  near  6  Ks  appears  to  be  in  part 
a  manifestation  of  the  stretoh  reflex  arc  (see  also  Joyce  et.  al., 
1974;  Goodwin  et.  al.,  1978).  Vibration  reduaes  the  tendon- jerk 
response,  the  Hoffmann  reflex  and  the  stretch  reflex,  implying 
that  the  spindle  afferent  input  (la)  is  not  as  effective  on  the 
alpha  motoneuron.  These  reductions  have  been  attributed  to  pre- 
synaptio  inhibition  of  the  primary  afferent-alpha  motoneuron  arc 
(Gillies  et.  al.,  1969,  Barnes  and  Pompeiano,  1970,  Delwaide, 

1973,  Dindar  &  Verrier,  1975) . 

In  the  present  experiments  it  is  clear  that  the  repeated 
stretch  of  the  soleus  by  sinusoidal  torques  overcomes  the  vibra¬ 
tion  induced  inhibition  of  the  la-alpha  MN  aro.  In  Fig.  2,  the 
SM  EMG  builds  up  in  amplitude  after  eaoh  cycle  and  in  the  averaged 
response  in  Fig.  3,  the  SM  8MG  amplitudes  are  of  the  same  order  at 
all  vibration  frequencies.  With  random  torque  inputs,  (Fio.  5) 
vibration  at  150  Hz  produces  a  strong  TVR  response  over  which  the 
stretoh  induced  EMGs  are  superimposed  with  apparently  reduced 
magnitudes. 


Step  Inputs 


The  myotatic  component  of  the  stretoh  reflex  in  the  human 
soleus  musole  is  highly  and  linearly  correlated  with  the  rate  of 
muscle  stretch  (Gottlieb  &  Agarwal,  1979) .  The  slope  of  this 
response  curve  is  proportional  to  the  level  of  tonic  voluntary 
activation.  The  response  curves  in  figures  7  and  8  show  a  linear 
relationship  to  the  applied  stretch.  However,  the  tonio  musole 
activity  of  the  TVR  inhibits  the  myotatio  response.  This  indicates 
that  the  motoneuron  pool  is  activated  in  a  different  manner  by  the 
TVR  and  by  voluntary  tonic  contraction. 

The  post-myotatic  response  is  not  influenced  by  vibration.  We 
have  also  found  that  the  tonic  contraction  prior  to  stretch  input 
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has  only  a  slight  effect  on  its  magnitude  (Gottlieb  &  Agarwal, 
manuscript  in  preparation).  Regardless  of  the  mechanisms  involved 
in  the  suppression  of  the  myotatic  component,  the  invariance  of 
the  post-myotatic  response  suggests  that  this  response  is  mediated 
by  peripheral  afferent  pathways  in  addition  to  the  Za  afferents 
which  are  responsible  for  most  or  all  of  the  myotatic  component  of 
the  response.  The  step  torque  inputs  undoubtedly  excite  group 
Zb  and  secondary  spindle  efferents  (ZI)  as  well  as  joint  and 
cutaneous  receptors.  Burke  et.  al.  (1976)  have  shown  in  man  that 
vibration  is  not  as  selective  a  stimulus  for  spindle  primaries  as 
had  been  believed  from  animal  experiments. 

Even  if  prasynaptiu  inhibition  at  la  terminals  is  the  pre¬ 
dominant  mechanism  for  myotatic  reflex  suppression,  it  may  not  be 
operative  on  the  central  projections  of  musole  afferents  to 
supraspinal  centers  (Hendrie  6  Lee,  1978).  Zt  has  also  been  sug¬ 
gested  that  separate  subpopulations  of  the  spinal  motoneuron  pool 
are  responsible  for  the  M,,  M«  and  M,  peaks  of  the  EMQ  response 
(Tatton,  et.  al.,  1978).  J,Thase  may  Be  differentially  susceptible 
to  vibration  as  well. 


CONCLUSIONS 


The  tonic  vibration  reflex  affects  a  joint's  response  to 
sinusoidal  oscillation  in  the  same  faoilitatory  manner  that  is 
seen  with  tonio  voluntary  contractions.  Although  the  myotatic  re¬ 
flex  is  suppressed  by  vibration,  repeated  stretches  of  sinusoidal 
oscillation  produce  an  average  EMQ  response  which  is  not  different 
in  magnitude  from  the  no  vibration  case.  Either  polysynaptic 
mechanisms  at  the  spinal  cord  level  or  mechanisms  involving  higher 
aenters  (and  possibly  both)  are  able  to  overcome  the  inhibitory 
mechanisms  at  Za-alpha  motoneuron  level  in  producing  stretch  evoked 
resonance  near  6  Hz. 

These  results  also  indicate  that  the  post-myotatic  EMG  responses 
to  limb  perturbation  are  not  only  different  in  their  latency  but 
also  in  their  functional  dependence  upon  peripheral  influences. 
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TABLE  It  Meohanical  Parameters  of  the  Ankle  Joint 


Input  Type  Vibration  Bias 
(Data)  Frequency  Torq 


Sinusoidal 

(6/22/78) 


Average 

Coher¬ 

ence 


TABLE  2:  Reflex  Regression  Analysis 


ration 

Bias 

Plot 

L_ _ Mvotatio _ 

_ Post-Mvotatic 

quency 

Kg.M. 

Symbol 

Gain 

r 

VT 

Gain 

r 

vT 

0 

0.14 

X 

0.267 

0.966 

16 

0.243 

0.941 

-8 

0 

0.05 

V 

0.237 

0.941 

3 

0.205 

0.981 

14 

50 

0.06 

* 

0.145 

0.935 

41 

0.149 

0.924 

-78 

100 

0.70 

□ 

0.070 

0.999 

62 

0.190 

0.853 

-42 

150 

0.64 

A 

0.019 

0.370 

-115 

0.264 

0.942 

-15 

0 

0.04 

X 

0.095 

0.998 

20 

0.111 

0.930 

-27 

0 

-0.12 

V 

0.0  85 

0.986 

15 

0.105 

0.996 

-49 

50 

0.33 

4* 

0.063 

0.974 

19 

0.129 

0.989 

-10 

100 

0.15 

□ 

0.029 

0.920 

13 

0.121 

0.903 

-38 

0 

0.30 

* 

0.115 

0.984 

15 

0.126 

0.955 

-10 

Gain  ( u.V.S.  /deg/s,) ,  velocity  threshold  V_  (deg/s),  and 
Correlation  Coefficient  (r)  between  stretch  velocity  and  integrated 
SM  EMG.  The  subjects  were  instructed  to  resist  to  go  back  to  the 
base  line  as  quickly  as  possible.  These  data  correspond  to  Figures 
7  and  8.  The  bias  is  the  average  value  of  the  torque  measured  just 
prior  to  the  step  torque  input.  When  vibration  input  was  applied, 
the  TVR  was  counterbalanced  by  applying  appropriate  bias  torque 
with  the  motor  to  maintain  reference  position.  The  gain  corre¬ 
sponds  to  the  slope  and  the  threshold  to  the  abscissa  intercept  of 
the  linear  regression  line. 
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Fig.  2 i  Oscillation  of  the  foot  to  an  applied  5  Hz  sinusoidal 
torque  input  under  conditions  of  no  vibration  and 
achilles  tendon  vibrations  at  50 ,  100 ,  and  150  Hz.  The 
TVR  was  counterbalanced  by  the  torque  motor.  The  four 
traces  in  each  case  are  torque  (T)  in  Kg.  m. ,  angular 
rotation  (0)  in  degrees,  EMGs  of  anterior  tibial  (AT)  and 
soleus  muscles  (SM).  All  EMG  scales  are  1  ms  except  SM 
EMG  under  no  vibration  condition. 


Fig.  3t  Two-cycle  averaged  foot  angle  and  EMGe  from  the  anterior 
tibial  (AT)  and  soleus  muscles  (SM)  at  different  drive 
frequencies  and  under  conditions  of  no  vibration  and  at 
50 ,  100 ,  and  150  Hz  soleus  tendon  vibration.  The  TVR 
was  counterbalanced.  The  frequencies  from  background  to 
foreground  are  3,  3.5,  4,  4.5,  5,  5.5,  6,  6.5,  7,  8,  10, 
and  12  Hz. 
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Fig.  5t  Oscillation  of  the  foot  to  an  applied  band  limited  (0-15 
Ha)  gausoian  torque  under  conditions  of  no  vibration 
(relaxed) ,  150  Ha  vibration  with  TVR  counterbalanced  with 
motor  bias,  and  no  vibration  with  motor  bias  equal  to  the 
TVR  at  150  Hz  vibration.  First  three  seconds  of  data  are 
shown. 
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Compliance  of  the  ankle  joint  measured  using  random  input 
torque  signal.  The  model  parameters  are  given  in  Table  1 
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Fig.  7 «  a)  Angular  displacement  and  rectified,  filtered  SMEMG 
9  following  eudden  forced  doraiflexion  of  the  foot. 

Torque  ia  applied  50  ma  after  the  atart  of  each 
record.  Eaon  trace  ia  the  average  of  10  responses, 
and  reaponaea  to  progressively  stronger  torque  pulses 
are  plotted  from  foreground  to  background.  The  upper 
group  ia  under  no  vibration  condition  and  the  lower 
group  under  50  H*  aoleua  tendon  vibration  condition. 
Doraiflexion  ia  plotted  upwards. 
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Fig.  7 i  b)  Integrated  SM  EMG  plotted  against  the  angular  velocity 
of  forced  dorsiflexion.  The  EMG  was  integrated  over 
the  interval  36-100  ms.  The  solid  lines  are  linear 
regression  curves  and  the  legend  next  to  them  indicate 
the  vibration  frequency.  Results  of  linear  regression 
analysis  are  summarised  in  Table  2. 

a)  Integrated  SM  EMG  over  the  interval  120-250  ms. 
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Fig.  8 i  a)  Angular  displacement  and  SM  BM6  for  anothar  subject. 

The  lower  group  is  under  the  condition  of  100  Ms 
vibration. 
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b)  Integrated  SM  EMQ  over  the  interval  of  40-100  ma. 

The  five  data  acta  were  no  vibration  (a)  at  the  atart 
of  the  experiment,  vibration  at  50  Ha  and  100  Hz  with 
TVR  counterbalanced,  voluntary  biaa  without  vibration 
and  no  vibration  (b)  at  the  end  of  the  experiment. 
Resulta  of  linear  regreeaion  analyaia  are  aummarized 
in  Table  2. 

a)  Integrated  SM  EMG  over  the  interval  130-250  ms. 
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INPUT  ADAPTIVE  BEHAVIOR  OP  THE  HUMAN  EYE  TRACKING  SYSTEM 


Lock  Kratssohmar 
Department  of  Physiology 
Faculty  of  Madicina 
Erasmus  Univarsiey  Rottardam 
3000  DR  Rottardami  Tha  Natharlands 


Tha  fraquancy  rasponsa  of  tha  human  aya  tracking  systam  appaars  to  ba 
highly  dapandant  on  tha  ability  of  tha  subjact  to  pradict  tha  future 
coursa  of  tha  targat.  Boda  plots  obtainad  from  axpariments  with  sim¬ 
ple  sinusoids  show  a  much  smaller  phase  lag  (sometimes  even  a  small 
phase  lead)  and  higher  gain  than  those  where  more  demanding  signals 
such  as  band  limited  noise  or  a  sum  of  sinusoids  have  bean  used.  Ac¬ 
cording  to  some  investigations  this  phenomenon,  which  has  also  baan 
observed  in  other  motor  tasks  like  manual  control,  varganca  aya  move¬ 
ments  and  accommodation,  is  a  continuous  function  of  tha  targat  motion 
"complaxity"  and  is  often  attributed  to  a  predictor  mechanism  in  tha 
human  brain.  In  tha  present  paper  tha  exact  nature  of  this  "predictive 
or  "precognitiva"  behavior  has  baan  studied.  It  was  found  that  this  bo 
havior  is  merely  a  matter  of  an  adaptive  procas  and  is  not  related  to 
subjective  predictability  of  tha  targat  trajectory.  The  tracking  sys¬ 
tam  can  ba  described  as  an  adaptive  servosystam  of  which  tha  various 
parameters  and  systam  type  are  adjusted  according  to  soma  optimal  pro¬ 
cas  to  obtain  a  tracking  error  and  error  rata  which  era  as  small  as 
poasiblo.  Tha  time  delay  of  tha  system  however,  has  a  rather  constant 
value  for  all  continuous  input  signals  and  is  only  affected  by  fati¬ 
gue  and  blurring  of  tha  retinal  image. 
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ELBCTRODERMAL  LABILITY  AMD  CAPACITY  FOR  DUAL-TASK  PERFORMANCE 

by 

Russell  A.  Benel 
Mlohaal  G.  H.  Colaa 
Denise  C.  R.  Banal 
Dapartmant  of  Psychology 
Univaraity  of  Illinoia  at  Urbane-Champaign 
Champaign,  XL  61820 


ABSTRACT 


Elactrodarmal  (galvanic  akin)  raaponaaa  hava  long  baan  uaad  aa  a 
convanlant  index  of  aympathatic  arouaal.  Xndividuala  exhibiting  high  lavala 
of  ranting  elactrodarmal  activity  are  designated  "labilaa,"  while  thoaa  with 
low  lavala,  "stabiles. "  Labilaa  hava  baan  found  to  be  raalatant  to 
performance  decrement  over  time  in  vigilance  studies.  Thus,  increased 
elactrodarmal  responslvity  appears  to  represent  enhanced  attantlonal  and 
information  processing  capacity  during  such  tasks.  However,  it  is  not  dear 
whether  there  la  a  cost  attendant  on  this  enhancement  or  whether  tha 
performance  of  labilaa  is  enhanced  on  other  tasks.  Tha  responses  of  10 
labllaa  and  10  stabiles  were  collected  during  a  simple  reaction  time  task 
and  under  single  and  dual-task  monitoring  and  tracking  conditions.  Tha 
monitoring  task  Involved  the  detection  of  dynamic  syatem  failures  in  an 
automatic  tracking  task.  The  tracking  task  was  the  Critical  Task  with  a  sub- 
critical  level  of  instability.  The  reaction  time  data  parallel  the  previously 
reported  findings  of  Inferior  performance  for  stabiles.  Hie  data  for  complex 
single-task  and  dual-task  conditions  did  not  reveal  a  similar  trend. 

Qenarally,  labilaa  performed  better  in  both  single  .gng,  dual  conditions.  The 
pattern  of  these  results  suggest  tha  proposed  selective  enhancement  associated 
with  elactrodarmal  lability  is  only  adaptive  for  tasks  that  require  or  profit 
from  focused  attention.  The  implication  for  monitoring  tasks  is  discussed. 
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INTRODUCTION 


Much  previous  research  has  baan  devoted  to  tha  atudy  of  man  aa  tha 
physical  manipulator  at  tha  controls  of  complex  man-machine  ay* tan*.  A  con- 
•istant  and  often  not  so  aubtls  trand  has  baan  tha  ahlft  In  tha  rola  of  man 
from  that  of  manual  controllar  toward  man  aa  auparvlaor  (1)  or  monitor  of 
automatically  controllad  function!.  Removal  of  man  from  an  active  element  in 
tha  control  loop  has  lad  to  questions  concerned  with  man's  ability  to  monitor 
such  systems  for  failure  and  to  regain  control  of  such  systems  whan  failed. 
Whether  man  la  actively  controlling  or  not,  the  asaantial  task  remains  of 
monitoring  all  facets  of  system  performance. 

Tha  existence  of  individual  diffaraneas  in  either  manipulating  or 
monitoring  performance  is  not  surprising.  For  many  investigators  with 
interests  in  man-machine  systems,  this  intersubject  variability  la  more 
frequently  a  source  of  consternation  rather  than  a  topic  for  research. 
Additionally,  investigators  with  primary  interests  in  individual  differences 
are  not  often  concerned  with  man-machine  systems.  Nevertheless,  there  is  one 
area  in  which  soma  overlap  may  be  seen.  Previous  research  within  the 
vigilance  and  signal  detection  paradigms  has  shown  that  there  la  a  general 
decline  in  performance  over  time  known  as  vigilance  decrement,  It  has  also 
been  found  that  soma  subjects  do  not  exhibit  this  decline.  The  parallel 
between  vigilance  (and/or  signal  detection)  and  monitoring  may  be  drawn 
without  undue  difficulty, 

The  quest  for  an  individual  characteristic  that  could  be  consistently 
related  to  monitoring  performance  has  lad  to  an  interest  in  eleetrodarmal 
(galvanic  skin)  responses.  Aa  Xatkin  (2)  has  succinctly  stated,  the  logic 
for  the  investigation  of  tha  relationship  between  eleetrodarmal  lability  and 
attantlonal  or  vigilant  bahavior  lies  in  the  consistent  positive  relationship 
between  thu  rate  of  spontaneous  eleetrodarmal  responses  (eleetrodarmal 
lability)  and  the  rate  of  habituation  of  tha  attention-related  orienting 
response.  Crider  and  Augenbaum  (3)  suggestad  that  the  individual  differences 
in  eleetrodarmal  habituation  (operationally  equivalent  to  lability)  can  be 
conaldared  to  reflect  characteristic  rates  of  attentlonal  decrement  with 
repetition  of  tha  eliciting  event.  Therefore,  fast  habltuators  (low  lability 
or  stabiles)  should  show  a  performance  decrement  over  time  not  observed  among 
slow  habltuators  (labilss)  in  tasks  requiring  sustained  attention. 

Evidence  is  available  to  support  this  hypothesis,  Coles  and  Gale  (4) 
found  a  positive  correlation  between  lability  and  auditory  signal  detection 
performance.  Siddle  (5)  reported  a  difference  between  stabiles  and  labiles 
in  the  time  course  of  auditory  vigilance  performance.  Both  groups  dateoted 
an  equal  number  of  signals  early  but  stabiles  exhibited  a  decrement  over  time 
not  seen  among  labilaa.  Crider  and  Augenbaum  noted  an  ambiguity  in  tha 
relationship  between  lability  and  attantlonal  capacity.  They  argued  that 
differences  in  performance  could  be  due  to  differences  in  perceptual  sensi¬ 
tivity  (d')  or  response  bias  (0).  Although  Crider  and  Augenbaum  replicated 
the  previous  finding  of  labiles  detecting  more  signals,  they  attributed  it  to 


an  increased  willingness  to  respond.  That  la,  increased  correct  detactiona 
vara  accompanied  by  lncraaaad  false  alarms.  Thalr  Initial  data  tand  to 
support  tha  finding  that  d*  remains  constant  across  time  for  labile* ,  but 
declines  for  stabiles.  The  replication  and  modification  of  procedures 
suggested  that  motivational  factors  expressed  themselves  through  a  relatively 
liberal  reporting  strategy. 

Katkin  and  his  colleagues  reported  the  results  of  a  similar  experiment 
in  which  the  same  auditory  signal  detection  task  used  by  previous  researchers 
was  performed  under  differential  payoff  schedules  (6).  They  replicated  the 
finding  of  performance  differences  between  labilas  and  stabiles ,  but  found  no 
difference  in  responsa  bias.  Furthermore,  the  payoff  matrix  did  not  have 
differential  effects  on  detections  or  d'.  When  the  data  were  analysed  by 
blocks  of  time  it  was  found  that  hits  and  d*  decllnod  across  successive  blocks 
for  stabiles  but  not  for  labilas.  The  greater  apparent  internal  consistency 
of  Katkin* s  data  suggests  that  some  attentional  factor  rather  than  a  bias 
factor  is  responsible  for  the  performance  differences. 

Although  labilas  appear  to  have  superior  vigilance  performance  at  least 
in  single  task  conditions,  it  la  possible  that  this  performance  is  gained  and 
maintained  at  the  expanse  of  other  performance.  Katkin  proposed  that  his 
data  auggeat  that  lability  raflects  a  variable  that  is  a  selective  enhancer 
of  effective  central  processes  and  not  generalised  arousal.  Therefore, 
increased  lability  may  reflect  enhanced  attentional  or  information  processing 
capacity.  However,  this  might  be  quite  specific  in  the  manner  of  aalectiva 
attention  maintenance.  In  simple  single  teak  conditions  performance  may  be 
enhanced,  whereas  in  dual  tasks  (or  store  complex  single  teaks)  such 
enhancement  may  come  at  the  expense  of  other  aspects  of  the  tasks.  Whan 
multiple  performance  measures  are  available,  it  may  be  possible  to  determine 
if  tha  hypothesised  selective  enhancement  has  any  attendant  costs.  Or 
alternatively,  whether  such  selective  enhancement  extends  beyond  the  realm  of 
vigilance. 


METHOD 


To  assess  the  relationship  between  eleotrodermal  lability  and  performance 
an  experiment  was  conducted  in  which  subjects  who  differed  in  lability 
performed  in  a  paradigm  that  allowed  collection  of  performance  measures 
similar  to  those  found  in  the  vigilance  paradigm  as  well  as  other  performance 
measures. 

Subject  Selection 

An  initial  unselected  sample  of  39  male  undergraduates  was  randomly  drawn 
from  the  University  of  Illinois,  Department  of  Psychology  subject  pool.  The 
only  restriction  was  that  all  would  be  right-handed.  Each  of  these  subjects 
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was  scraenad  for  elactrodarmal  lability  undar  atandavdizad  condition*.  An 
Initial  3  min  resting  measure  of  lability  was  taken,  followed  by  a  measure 
during  a  3  min  period  in  which  subjects  performed  a  simple  reaction  time  (RT) 
task  (key  press  to  light  stimulus),  ending  with  a  3  min  post-task  resting 
measure.  During  the  entire  procedure  the  subject  was  seated  in  a  lounge 
chair  in  a  semi-reclined  position  placed  in  a  sound  attenuated  chamber. 
Subjects  were  cautioned  to  remain  quiet  and  still  during  the  resting  periods, 
for  the  task  period  the  chamber  lights  were  turned  off  following  instruction 
in  the  RT  task. 

Two  subgroups  of  subjects  were  selected  on  the  basis  of  the  number  of 
spontaneous  fluctuations  in  akin  conductance  of  at  least  0.5  umho  during  the 
rest  period.  The  ten  highest  and  lowest  responders  were  chosen  to  represent 
labile*  and  stabiles  respaeeivsly,  In  Figure  1,  the  responses  of  typical 
labile  end  steblla  subjects  are  shown  for  the  three  measurement  periods. 
Selected  Ss  proceeded  to  a  second  stage  of  tha  experiment  in  which  they 
performed  tracking  and  monitoring  tasks. 


ON  TASK 


nsmjk- 


Typical  electrodermal  activity  of  labile  and  stabile  subjects  during 
resting  and  reaction  time  task  conditions. 
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Apparatus  and  Procedure 


Maaauraa  of  akin  conductance  wara  obtained  uaing  Beckman  electrodes 
attached  to  the  volar  surface  of  the  middle  and  index  fingers  of  the  left 
hand.  A  9832  A  Beckman  coupler  which  imposes  a  constant  voltage  of  .5v 
provided  a  tracing  of  the  subject's  conductance  (sensitivity t  1mm  ■  .1  pmho). 

The  reaction  time  task  was  programmed  on  a  DEC  LSI-11  microprocessor. 
Stimuli  were  presented  with  a  random  Interstimulus  interval  of  A  to  5  sec  and 
subjects  were  allowed  1  sec  to  respond.  The  subject  held  the  stimulus /response 
box  in  his  right  band,  using  his  thumb  to  respond  on  the  push  button 
immediately  below  the  stimulus  light.  A  task  light  stayed  on  continuously 
during  the  task.  Each  subject  was  given  fifteen  practice  trials  prior  to  the 
50  experimental  trials.  All  data  was  stored  during  and  printed  after  the  taek 
by  the  microprocessor. 

The  dual  task  performance  apparatus  is  described  in  detail  elsewhere  (7). 
It  consisted  of  a  7.5  x  10  cm  Hewlett-Packard  Model  1300  CRT  display,  a 
spring-centered,  dual  axle  joystick  with  trigger,  and  a  spring-loaded  finger 
controller.  A  Raytheon  70A  digital  computer  generated  tasks  and  processed 
responses.  Subjects  sat  in  an  arm  chair  in  a  sound  attenuated  chamber  with 
the  dual  axis  joystick  on  the  right  and  the  finger  controller  on  ths  left. 

The  display  subtended  3.4°  of  visual  angle.  The  two  basic  tasks  for  the 
subject  were  the  Critical  Taek  controlled  by  the  left  hand  and  the  detection 
of  failure  in  an  automatic  tracking  task  signalled  by  trigger  presses.  The 
automatic  tracking  task  was  a  pursuit  task  in  which  the  target  followed  a 
semi-predictable  path.  The  computer's  tracking  behavior  modelled  that  of  a 
human  controller.  For  tha  conditions  described  below  failures  were  step 
changes  in  the  acceleration  constant  (a)  toward  a  system  approximating  pure 
second  order  dynamics.  For  the  Critical  Task  the  value  of  tha  instability 
parameter  was  set  at  a  constant  eubcrltical  level  (X  ■  1.5)  for  all  conditions 
analysed  to  da*e. 

The  subjects  in  each  of  the  subgroups  participated  in  three  sessions. 

Tha  first  was  a  training  session  followed  on  two  separate  days  by  two  experi¬ 
mental  sessions.  On  each  test  day  there  were  three  practice  and  16 
experimental  trials.  Tha  conditions  which  have  bean  analyzed  include  two 
trials  of  the  Critical  Task  (CT)  alone,  two  trials  of  automatic  monitoring 
(AD)  alone  for  failure  in  detection,  and  4  trials  of  dual  tasks  (AU  +  CT). 

Failures  (6-8  per  2.5  min  trial)  were  generated  by  an  algorithm  assuring 
random  interfailure  intervals  and  low  system  error.  The  latter  precluded 
obvious  "jumps"  in  cursor  position.  Detections  were  recorded  by  trigger 
presses  which  reset  the  dynamics.  If  no  response  occurred  within  6  sec  the 
system  returned  to  normal  via  a  4  sec  ramp.  Detections  were  assessed  in  terms 
of  accuracy  and  latency.  Hit  responses  were  those  detection  responses  in  the 
6  sec  Interval  (F(Hlt)  -  Hits/intervals) .  ?(FA)  was  the  number  of  false  alarms/ 

false  alarm  intervals.  Rather  than  d'  the  nonparametrlc  area  under  the  ROC 
curve  (P(A))  was  used  as  the  sensitivity  measure  (8).  Latencies  to  detection 
were  also  recorded.  Average  absolute  error  was  recorded  for  the  Critical  Task. 
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RESULTS 


I 


I 
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For  th«  reaction  tin*  took  performed  by  the  initial  unselected  sample  tha 
correlation  between  RT  and  electrodermal  lability  was  statistically  reliable 
(r  (39)  “  -.34j  2  <  01).  This  suggssts  that  tha  previously  documented  rela¬ 
tionship  between  vigilance  and  lability  exists  for  RT.  Whan  tha  labile  and 
stabile  subgroups  are  compared  for  the  RT  performance  across  time.  Figure  2 
indicates  a  decrement  across  time  for  stabiles ,  which  is  greater  than  that  for 
tha  labiles.  However,  while  the  effects  of  both  lability  (2  <  .01)  and  trials 
(p,  <  .003)  are  reliable,  the  interaction  was  not  (2  >  *05). 


SUCCESSIVE  BLOCKS 

(10  TRIALS /BLOCK) 

Figure  2.  Reaction  times  for  labile  and  stabile  subjects  as  a  function  of 
time  on  task. 
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Under  dual  task  conditions  tha  relationship  is  less  clear.  In  Figure  3 
the  detection  performance  measure  of  sensitivity  P(A)  (“  d*  in  signal 
detection)  is  plotted  against  the  average  absolute  error  on  the  Critical  Tack 
(CT) .  Both  groups  show  a  decrement  under  dual  va  single  task  conditions 
resulting  primarily  from  increased  CT  error*  This  decrement  is  highly 
reliable  (o  <  .00001).  However,  there  wad  no  reliable  difference  between 
labiles  and  stabiles  although  stabiles  tended  to  perform  better  (£  ■  .18). 


CT  AVERAGE  ABSOLUTE  ERROR 


Figure  3.  Sensitivity  (P(A))  and  average  absolute  error  value  for  labile  and 
stabile  subjects  under  single  and  dual  task  conditions.  Standard 
deviation  values  are  shown  for  each  point. 


When  the  two  measures  for  ths  detection  task,  P(A)  and  latency,  are 
compared  (see  Figure  4),  stabiles  also  appear  to  show  superior  performance. 
However,  the  main  effect  for  lability  (£  ■  .18)  as  well  as  tha  effects  for 
single  vs  dual  task  (g,  •  .14)  and  their  interaction  (£  ■  .10)  were  not  slgnif 
leant.  A  Fisher  Exact  Probability  Test  on  the  frequency  of  subjects  within 
each  subgroup  showing  a  dual  task  decrement  indicates  a  tendency  for  labiles 
to  be  insensitive  to  the  dual  task  manipulation  (.1  >  £  >  .05). 
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DETECTION  LATENCY  two) 

Fleurs  4.  Sensitivity  (P(A))  end  detection  latency  values  for  labile  end 
stabile  subjects  under  single  end  duel  task  conditions.  The 
direction  of  increment  end  decrement  in  performance  is  shown  on 
the  negative  diagonal. 


DISCUSSION 


The  pattern  of  data  suggest  that  Katkln  (2)  may  be  correct  in  assuming 
the  electrodermal  lability  reflects  a  variable  that  is  a  selective  enhancer 
of  effective  central  processes  and  not  generalised  arousal.  Certainly 
vigilance  (e.g.,  4,  S.  6)  and  reaction  time  teaks  have  been  shown  to  be 
performed  better  by  lablles.  However ,  the  mechanism  appears  to  be  related  to 
focused  attention.  Tasks  which  require  or  allow  focused  attention  show  a 
benefit  associated  with  lability.  On  the  other  hand,  under  Increasingly 
complex  single  task  and/or  dual  task  conditions  focused  attention  appears  to 
be  a  maladaptive  rather  than  an  effective  central  process. 

The  complexity  of  the  monitoring  tesk  used  in  this  study  affords  ample 
opportunity  to  focus  on  irrelevant  dimensions.  Wickens  and  Kessel  (?)  have 
argued  that  this  detection  task  requires  primarily  perceptual  and  decision 
making  components  and  any  misdirection  of  these  resources  should  be  manifested 


in  performance  decrements.  A  focused  attention  response  under  conditions  that 
demand  flexibility  in  attention  switching  or  division  would  lead  rapidly  to 
performance  deterioration.  In  fact,  labiles'  performance  is  not  only  somewhat 
poorer  it  is  also  somewhat  more  variable.  This  is  most  plausibly  explained  in 
terms  of  only  occasional  focusing  on  task  relevant  dimensions. 

One  obvious  difference  between  the  current  monitoring  task  and  the 
previously  used  vigilance  tasks  is  the  reduction  in  Signal  presentation  for 
the  currant  task  (down  to  six  to  eight  presentations  per  2.3  min  trial).  The 
reaction  time  task  whose  results  paralleled  the  previous  vigilance  findings 
presented  signals  at  a  rata  more  nearly  equal  to  the  vigilance  task.  The  role 
of  signal  rate  in  vigilance  teaks  has  been  investigated ,  but  not  in  relation 
to  alactrodermal  activity.  Other  diffarancea  Include  the  continuous  nature  of 
the  monitoring  task  versus  the  discrete  nature  of  reaction  time  or  the 
vigilance  task  (albeit  with  a  memory  component) ,  blocks  of  trials  versus 
uninterrupted  event  periods,  and  signal  dlscrlminabillty. 

Although  the  data  of  the  present  experiment  must  be  regarded  as  prelim¬ 
inary,  they  do  Indicate  the  poeelble  value  of  the  measurement  of  electrodermel 
lability  ee  a  method  of  identifying  individual  dlfferencee  in  attention 
related  taska.  These  data  suggest  that  labiles  are  superior  on  focused 
attention  tasks  but  their  performance  suffers  when  flexibility  is  required. 
Future  research  should  examine  the  relationship  between  lability  and  the 
dimension  of  allocation  flexibility.  It  would  be  expected  that  the  superior 
ability  of  labiles  to  focus  attention  would  be  an  advantage  under  some 
circumstances,  but  a  serious  disadvantage  under  others.  Such  research  would 
also  indicate  the  utility  of  the  alactrodermal  lability  in  the  selection  of 
human  operators. 
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ABSTRACT 

The  predlotor  operator  la  a  well  eetabliehed  property  of  a 
human  controller  in  manual  oontrol  ayeteme  with  a  pureult 
dieplay.  For  periodic  inputs,  the  human  controller  haa  been 
ehown  to  uee  a  eynohronoue  tracking  mode  with  considerable  eyetem 
performance  improvement.  The  performance  ohange  ie  moat  evident 
in  the  dramatio  change  in  the  phaae  portion  of  the  eyetem' e  bode 
plot.  In  the  preeent  study,  we  inveetigated  the  predlotor 
operator  in  a  manual  oontrol  eyetem  with  a  oompeneatory  dieplay 
and  compared  It  to  eimilar  results  with  a  pursuit  dieplay.  Four 
types  of  input  signals  wore  used:  1)  single  sinusoid,  2) 
narrow  band  summed  sinusoids,  3)  variable  band  summed  slnuslods, 
and  4)  wide  band  summed  sinusoids.  The  frequency  range  was  from 
0.04  to  1.5  Hz.  Our  data  from  pursuit  traoking  is  similar  to 
data  obtained  in  several  previous  studies.  What  is  Interesting 
is  that  the  predictor  operator  in  compensatory  traoking  is 
essentially  the  same  as  in  pursuit  traoking.  The  predictor 
operator  is  dependent  on  the  input  bandwidth. 

INTRODUCTION 

The  predlotor  operator  is  a  well  established  property  of  the 
human  controller  in  manual  oontrol  systems  with  a  pursuit  type  of 
display.  If  the  system  input  is  periodic,  this  periodicity  may 
be  detected,  and  the  controller  uses  the  predlotor  operator  to 
enter  what  has  been  termed  the  synchronous  tracking  mode.  In  the 
synchronous  traoking  mode,  performance  is  improved  considerably 
over  the  case  in  whioh  system  input  is  not  predictable. 

This  performance  ohange  is  most  evident  in  the  dramatio 
changes  in  the  phase  portion  of  the  system's  bode  plot.  Examples 
of  this  have  been  published  for  a  two  pointer  manual  traoking 
task  and  for  smooth  pursuit  eye  movements  in  response  to  a 
smoothly  moving  visual  target  (1,2).  In  each  of  these  examples, 
a  marked  Improvement  was  seen  between  phase  ourves  obtained  when 
the  input  was  predictable.  The  difference  in  phase  curves  has 
been  attributed  to  the  action  of  a  predlotor  operator. 
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In  the  present  study,  we  wished  to  investigate  the  predictor 
operator  in  a  manual  control  system  with  a  compensatory  display, 
and  make  comparisons  to  similar  investigations  with  a  pursuit 
display.  The  existence  of  a  predictor  operator  in  compensatory 
tracking  has  not  been  investigated.  Most  investigators  seem  to 
prefer  a  pursuit  display  when  studying  the  predictor  operator. 

Our  hypothesis  is  that  a  predictor  operator  is  also  present  in 
manual  control  systems  with  a  compensatory  display. 

METHODS 

Four  subjects  were  used  in  the  present  study.  Prior  to 
collection  of  data,  subjeots  were  run  through  a  scaled  down  set 
of  experimental  blocks  to  permit  practioe  and  allow  for  the 
approach  of  asymptotio  performance  levels. 

The  experimental  setup  is  shown  schematically  in  figure  1. 
The  human  operator  sat  before  an  osoillosoope  and  manipulated  a 
one  degree  of  freedom  joystick.  The  Joystick  rotated  freely  with 
no  springs  or  dashpots.  The  plant  dynamioa  consisted  of  a  simple 
unity  gain.  Two  horizontal  lines  were  displayed  on  the 
oscilloscope,  and  were  driven  vertically. 

The  first  line  served  as  the  target  in  the  pursuit  case,  and 
a  zero  error  reference  line  In  the  compensatory  oase.  The  other 
line  displayed  system  output  in  the  pursuit  oase,  and  system 
error  in  the  compensatory  oase.  The  lines  were  adjusted  in  focus 
and  Intensity  whloh  made  it  easy  for  subjects  to  discriminate 
between  the  two.  The  display  configuration  oould  be  ohanged 
between  pursuit  and  compensatory  by  means  of  a  switch.  Error  was 
computed  by  a  simple  analog  oircult.  The  entire  experiment  was 
under  the  oontrol  of  a  real  time  digital  oomputer  (General 
Automation  SPC-16/08)  with  dlgital-to-analog  and  analog-to- 
digltal  channels.  The  oomputer  operated  at  a  20  mseo  sampling 
time,  generating  the  appropriate  system  input  and  monitoring  the 
system  output.  There  was  a  2.S4  second  delay  between  the 
initiation  of  the  input  signal  and  the  recording  of  the  output 
signal  to  exolude  the  start-up  transient.  A  total  of  61.44 
seconds  of  data  were  taken  for  eaoh  traoking  period.  Phase  angle 
between  system  input  and  system  output  as  a  function  of  input 
frequency  was  computed  by  standard  fourler  series  techniques. 

The  root  mean  square  (RMS)  value  of  the  system  error  was 
digitally  computed  using  the  equation; 

RMS  Error-  jjj  ^  ^k"xk^2 


where : 

yk-  kth  output  sample 

x^-  kth  input  sample 

N-  Total  number  of  samples  (3072) 
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Tho  RMS  of  the  remnant  was  digitally  computed  using  the 
following  equation: 

RMS  Remnant-  jjj  21  [y^vL  gj  *j  sin  ((UjkAt+fij )  J2 
k— 1  J — 1 


where:  p*  number  of  sinusoids  in  the  input  signal 
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amplitude  and  radian  frequency  of  the  Jth 
input  sinusoid 


g,,e,-  gain  and  phase  angle  of  the  output  at  the  input 
3  3  frequency  Wj 

At  -  sampling  interval  (0.02  second) 


Note  that  the  remnant  was  assumed  to  be  a  noise  signal  added  to 
the  human  operator's  output,  as  is  typioally  done  in  modeling  of 
this  nature. 

Four  different  classes  of  system  inputs  were  used  with  each 
display  configuration.  The  frequency  range  of  interest  was  0.04 
to  1.6  Hz,  The  four  olasses  of  Inputs  were 
(I)  single  sinusoids,  predictable;  (II)  narrow  band  sum  of 
sinusoids,  quasi-predlctable  (III)  variable  band  sum  of 
sinusoids,  quasi-predictable;  and  (IV)  wide  band  sum  of 
sinusoids,  unpredictable.  Examples  of  these  inputs  are  shown  in 
figure  2.  For  predictable  input  I,  phase  lags  and  the  two  RMS 
performance  measures  were  determined  for  at  least  three 
replications  of  seven  input  frequencies.  The  results  were 
averaged  at  eaoh  frequency.  For  quasi-predictable  input  II,  the 
predictability  of  the  single  sinusoid  was  degraded  by  adding  one 
higher  and  one  lower  frequency  component  to  the  test  frequency 
(3).  Phase  lag  measurements  were  made  only  at  the  center 
frequency.  The  two  RMS  performance  measures  were  made  over  each 
tracking  period  and  were  considered  measurements  at  the  center 
frequency.  Five  different  center  frequencies  were  used  with  a 
minimum  of  three  replications  at  each  center  frequency.  For 
quasi-predictable  input  III,  predictability  was  degraded  by 
adding  to  the  test  frequency  between  one  to  four  sinusoids  at 
lower  frequencies.  Phase  lag  measurments  were  made  only  at  the 
test  frequency.  Three  or  more  replications  were  made  for  each  of 
five  variable  band  inputs.  For  unpredictable  input  IV,  five 
frequencies  were  used  by  forming  several  different  combinations 
out  of  a  set  of  seven  frequencies  over  the  frequency  range,  A 
minimum  of  three  replications  were  run  for  each  combination. 

Phase  lag  measurements  were  made  at  oach  frequency  in  a  given 
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tracking  period.  Error  and  remnant  RMS  performance  measures  were 
made  for  each  tracking  period. 

The  sum  of  amplitudes  of  individual  sinusoids  in  the  input 
signal  was  always  equal  to  ten.  When  more  than  one  sinusoid  was 
summed  in  the  input  signal  ,  the  component  sinusoids  were 
adjusted  to  be  equal  in  amplitude. 

The  pursuit  data  were  taken  first  with  the  order  of  the  four 
classes  of  inputs  randomized  between  subjects.  Compensatory  data 
were  then  taken,  again  with  the  four  classes  of  inputs  randomized 
for  each  subject. 

RESULTS 

The  phase  portion  of  the  system's  bode  plot  from  input  to 
output  was  constructed  for  all  data.  Phase  lag  in  degrees  on  a 
linear  scale  was  plotted  against  frequency  on  a  log  scale.  Two 
bode  plots  were  prepared  for  each  subject— -one  for  the  pursuit 
display  and  one  for  the  compensatory  display.  Pour  phase  curves 
appear  on  each  plot  corresponding  to  the  four  classes  of  input 
used.  The  cirole  is  for  input  I,  predictable  sinusoids,  and  the 
square  is  for  input  IV,  unpredictable  sums  of  sinusoids.  The  two 
quasi-prediotable  inputs  II  and  III  are  represented  by  diamonds 
and  triangles  respectively.  The  bode  plots  are  given  in  figures 
3  to  6. 

Normalized  remnant  was  plotted  on  a  linear  scale  against 
frequency  on  an  arbitrary  scale.  The  plot  symbols  are  Identical 
to  those  used  on  the  bode  plots,  except  that  the  average  RMS 
across  all  wide  band  traoking  periods  is  shown  as  a  dashed 
line.  Again,  two  plots  were  made  for  each  subjeot,  one  for 
pursuit  and  one  for  compensatory.  The  remnant  plots  are  given  in 
figures  7  to  10.  The  normalized  RMS  error  plots  were  prepared  in 
a  manner  similar  to  the  remnant  plots  and  are  given  in  figures  11 
to  14. 

DISCUSSION 

There  are  two  other  types  of  predictor  operators  that  have 
received  attention  in  manual  control.  Preoognitive  manual 
control  displays  differ  from  the  pursuit  and  compensatory 
displays  of  the  present  study  in  that  system  input  may  be 
previewed  by  the  subject.  This  allows  the  operator  to  preprogram 
his  responses  (4).  A  second  type  of  predictor  operator  has  been 
investigated  in  control  systems  with  a  periodic  input.  After 
traoking  has  been  established,  the  input  is  turned  off.  The 
controller  has  been  instructed  to  maintain  his  response  as  if  the 
input  were  still  present  (6).  These  two  types  of  predictor 
operators  may  ultimately  be  related  to  the  prediotor  operator  of 
the  present  study.  However,  in  terms  of  analysis,  each  of  these 
predictor  operators  must  be  analyzed  somewhat  differently. 
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Our  pursuit  phase  curve  results  are  very  similar  to  previous 


Investigations  of  this  natue  (2,6).  All  of  our  subjects 

exhibited  a  similar  pattern  of  pursuit  phase  curves.  The  single 

sinusoid  phase  curve  was  typically  flat  around  zero  degrees 

across  the  frequency  range  of  interest.  The  wide  band  phase  j 

curve  fell  off  rapidly  with  frequency.  The  two  quasi-predlctable  | 

phase  curves  lay  between  the  predictable  and  unpredictable  | 

extremes.  Some  occasional  overlap  was  observed  at  low  and  high  \ 

frequencies  betweeen  the  quasi-predlctable  phase  curves  and  the  : 

single  sinusoid  or  wide  band  phase  curves.  In  no  case,  however,  1  , 

did  single  sinusoid  and  wide  band  phase  curves  overlap.  j  '( 


The  compensatory  phase  curves  were  somewhat  similar  to  the  f 

pursuit  phase  curves.  The  single  sinusoid  phase  curve  fell  off  i 

gently  with  frequency  and  the  wide  band  phase  curve  fell  off  1 

rapidly  with  frequency.  The  quasi-predlctable  phase  curves  lay  | 

between  the  two.  I 

When  comparing  pursuit  phase  ourves  with  their  compensatory  3 

counterparts,  the  pursuit  curves  represent  a  generally  better 
level  of  tracking  performance.  That  is,  there  is  less  phase  lag 
in  the  pursuit  case.  Similar  differences  between  performance  1 

measurements  of  pursuit  and  compensatory  displays  have  been 
observed  (7).  For  simple  gain  dynamios,  the  pursuit  display 
seems  to  be  preferred  over  the  compensatory  display,  although, 
for  higher  ordor  plant  dynamios  the  compensatory  display  may  be 
better  (8).  i 

‘4 

The  separation  of  phase  curves  in  the  pursuit  case  as  a 
function  of  input  predictability  shows  the  action  of  the 
predictor  operator,  as  mentioned  in  the  introduction.  Note  that 
a  similar  separation  is  observed  between  the  compensatory  phase 
curves,  also  indicating  a  prediotor  operator. 

In  contrast  to  the  phase  ourves  however,  the  normalized  RMS 
remnant  and  normalized  RMS  error  plots  do  not  show  the  dramatic 
and  consistent  separation  with  graduation  in  predictability  as  ,  j 

the  phase  ourves  do.  Note  that  ourves  for  single  sinusoid,  i  1 

narrow  band  and  variable  band  Inputs  all  approaoh  and  in  many 
oases  exceed  the  wide  band  values. 

,  .a 

It  has  been  suggested  (7)  that  the  remnant  signal  should  be 
small  when  the  controller  is  successfully  predicting  and  large 
when  prediction  is  poor.  Our  results  are  consistent  with  this 
suggestion  only  at  the  lower  'frequencies  of  our  study.  At  mid 
and  higher  frequencies,  normalized  RMS  remnant  values  for 
predictable  and  quasi-prediotable  inputs  approach  and  typically 
exoeed  the  wide  band  RMS  remnant  value.  -\ 

ij 

The  normalized  RMS  error  results  are  similar  to  the  results  j 

for  normalized  for  RMS  remnant.  Several  authors  (7)  have  J 

suggested  that  the  predictor  operator  may  be  demonstrated  by  r- 

observing  reduced  error  scores  of  some  type.  Again,  our  data  are  1 


consistent  with  this  suggestion  only  at  low  frequencies. 

These  seeming  inconsistencies  may  be  resolved  if  one 
considers  an  hypothesis  that  the  human  controller  first 
concentrates  on  making  responses  in  the  correct  direction.  When 
this  has  been  achieved,  the  operator  next  attends  to  matching  the 
timing  of  the  input  signal  and  response.  Finally,  attention  is 
turned  to  achieving  accurate  responses  in  amplitude  (8,0,10), 

The  first  two  of  these  three  criteria  contribute  primarily  to  the 
phase  measurement.  The  data  of  the  present  study  support  the 
contention  that  the  phase  curve  is  the  best  Indicator  of  the 
predictor  operator. 

Returning  to  the  pursuit  phase  curves,  oonsider  the 
difference  between  the  wide  band  and  single  sinusoid  pursuit 
phase  curves.  This  difference  is  generally  agreed  to  be  the 
result  of  the  prediotor  operator. 

Notioe  that  a  similar  difference  exists  between  the  wide 
band  and  single  sinusoid  compensatory  phase  curves  even  though 
the  compensatory  phase  ourves  are  below  their  pursuit 
counterparts.  It  is  tho  separation  of  the  wide  band  and  single 
sinusoid  phase  ourves  that  is  similar  between  the  pursuit  and 
compensatory  case.  This  difference  was  defined  as  phase 
improvement  and  plotted  versus  frequency  for  both  pursuit  and 
compensatory  displays  in  figure  15.  What  is  interesting  in  that 
the  phase  improvement  curve  for  each  display  configuration  is 
similar.  This  could  suggest  that  the  same  mechanism  was 
responsible  in  eaoh  case  for  the  phase  improvement.  In  the 
pursuit  oase,  perlodioity  of  the  input  is  presented  to  the 
subject  visually  as  well  as  proprloceptively  and  kinesthetically 
from  the  stick  movement.  In  the  oompenstory  oase,  periodicity  of 
the  input  signal  in  presented  to  the  subjeot  proprlooeptively  and 
kinesthetically  from  the  stick  movement,  since  no  periodic  visual 
display  is  present.  Despite  this  loss  of  visual  information  in 
the  compensatory  case,  the  prediotor  operator  provides  phase 
improvement  to  a  similar  degree  in  both  pursuit  and  compensatory 
tasks* 

We  conolude  that  the  prediotor  operator  improves  the 
system's  phase  response  by  oomparable  amounts  in  both  the  pursuit 
and  compensatory  oase,  but  is  much  less  effective  in  improving 
the  two  RMS  performance  measures. 
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ADVANCES  in  modeling  pilot  tracking  performance 

IN  THE  PRESENCE  OF  SUSTAINED  LINEAR  ACCELERATIONS 


by 

Jonathan  Korn  and  David  L.  Klainman 
Dapartmant  of  Electrical  Engineering 
and  Computer  Science 
University  of  Connecticut 
Storra,  Connecticut  06268 


Simulated  air-to-air  compensatory  tracking  experiments  have  been  conducted 
at  AMRL.  These  experiments  involved  closed-loop  centrifugation  of  human  subjects, 
i.a.  the  pilots  experienced  0-stress  whenever  pitch  rate  commands  ware  applied. 

The  multi-subject  ensemble  statistics  clearly  show  that  high  0  levels  and  transi¬ 
tive  0  periods  have  degrading  effects  upon  pilot  performance.  These  affects  are 
quite  wall  reproduced  by  the  Optimal  Control  Model  of  hutnarf  response,  modified 
to  Include  hlgh-G  phenomena. 


I.  Introduction 

A  distinctive  characteristic  of  an  aerial  tracking  task  is  the  sustained 
positive  acceleration,  denoted  as  +0  ,  that  acts  on  the  pilot.  This  is  of 
paramount  concern  in  high-performance  aircraft  during  rapid  turns  and  pullouts 
from  dives.  In  the  past,  many  experiments  were  devised  to  evaluate  the  degrad¬ 
ation  in  pilot  performance  in  a  high  0  stress  environment.  In  later  works, 
the  problem  of  analytically  evaluating  pilot  performance  haa  been  considered, 
Therefore,  a  model  of  human  performance  under  0-strese  has  become  a  davalop- 
mantal  goal, 

Korn  and  Klainman  [4]  obtained  a  preliminary  model  of  pilot  performance 
that  employed  the  Optimal  Control  Model  (OCM)  [2],  In  a  further  work.  Korn 
at  at.  [3]  approached  the  modeling  effort  by  assuming  time  varying  control 
strategies  and  O-dependent  OCM  parameters.  The  data  base  for  the  development 
and  validation  of  these  models  has  been  generated  on  the  Dynamic  Environment 
Simulator  centrifuge  (DBS)  at  the  Aerospace  Medical  Research  Laboratories 
(AMRL) i  WFAFB.  This  paper  is  an  extension  of  the  work  reported  in  Reference 
[3].  The  following  sections  describe  the  experimental  and  modeling  phases. 

n.  The  Experiment 

Repetitive  trials  of  a  compensatory  tracking  task  were  conducted  on  the 
DBS  facility  under  two.  experimental  conditions.  In  both  situations,  the  sub¬ 
jects  were  seated  in  the  oentrlfuge  cab  and  were  required  to  track  a  triangular- 
shaped  aircraft  image  presented  to  them  on  a  graphics  screen,  In  the  first 
experimental  condition,  the  centrifuge  was  at  rest,  whereas  in  the  second  it  was 
engaged  in  a  closed-loop  operation.  Thus  we  use  the  terminology  static-  vs. 
dynamic-0.  Tha  target  motion  followed  a  predetermined  pattern  in  the  longitud- 
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Inal  (pitch)  axlsbnly,  Tha  aubjacta,  responding  to  an  error  stimulus,  generated 
a  commandetl  control  Input  In  order  to  reduce  the  tracking  error,  By  this  action, 
they  induced  a  positive,  time  varying  Q  stress  upon  themselves  by  increasing 
or  by  decreasing  the  angular  velocity  or  tha  centrifuge  (in  the  dynamic  G  rune) « 

Six  subjects  participated  In  these  experiments.  The  particular  experi¬ 
ments  that  were  of  concern  to  this  study  consisted  of  thirty-eight  replications 
of  a  60-second  static-G  tracking  run,  and  thlrty-elx  replications  of  the  dynamic- 
G  run. 

From  the  recorded  longitudinal  and  lateral  tracking  arror  ensemble,  and 
the  subject  attained  G  profile  CO.),  first-  and  second-order  statistics  ware  + 
computed.  In  the  present  study  vs  will  be  concerned  with  the  lateral  axle  data7 
that  was  found  to  exhibit  the  following  characteristics) 

1.  The  lateral  tracking  error  ensemble  mean  ,  e(t) ,  obtained  from  the 
dynamle-G  runs  is  not  statistically  different  from  the  static-G  mean.  In  both 
oases  It  is  virtually  sero  as  might  be  expected— there  was  no  target  input  in 
the  horlsontal  axis.  Tha  tracking  error  in  this  axis  is  Induced  by  the  pilot's 
erratic  control  inputs,  e.g.  Inherent  motor  randomness,  axis  crossfeed,  etc. 

2.  The  ensemble  standard  dsvlation,  0|(t),  for  tha  dynamlo-0  condition 

l«  significantly  larger  (?<,01)  than  that  of  tha  stetlo-G  cess  CFiguras  3-4). 
The  F-tast  showed  a  significant  difference  (P< .01)  between  the  static  and 
dynamic-G  variance  time  histories  over  nearly  the  entire  60-sacond  period,  The 
differences  ere  most  pronounced  during  the  peek  0.  end  during  high  u.  periods, 
as  can  be  seen  by  comparing  Figures  3  and  4  with  Figure  5.  This  clearly  indicates 
that  there  is  a  substantial  degradation  in  lateral  tracking  performance  whan 
operating  under  G-stress. 

A  descriptive  modal  for  this  performance  degradation  la  developed  in  the 
subsequent  sections. 

UliJEto.  Wot 

The  lateral  ttacking  task  represents  essentially  a  side-task  as  there  era  no 
target  aircraft  motions  in  tha  horlsontal  plans,  Tn  order  to  modal  the  lateral 
task,  the  dynamics  between  aileron  deflection,  6.,  and  tracking  error,  s,  must 
be  defined.  The  modeling  proceas  assumes  the  following i 

1.  Roll  angle,  $,  is  small  so  that  cos^sl  and  ain^sb,  This  enables  us 
to  treat  tha  lateral  and  longitudinal  modes  as  uncoupled.  Moreover,  tha 
longitudinal  tracking  task  is  not  dependent  on  t  in  this  case. 

2.  The  attacker  angls-of-attack  aA  and  sideslip  angle  6A”0.  Thus,  the 
attacker  velocity  vector  is  always  aligned  with  tha  body  axis.  This  greatly 
simplifies  the  system  representation  in  the  herisontal  plana. 

3.  All  turns  are  coordinated,  i.a.  the  G  vector  is  aligned  with  the 
aircraft's  s-body  axis. 


— 

Logitudlnal  data  analysis  and  the  related  modeling  work  era  described  in 
Ref.  [3], 
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For  a  level,  coordinated,  turn 


F  "  g 


i 


v 


(3.1) 


and  whan  the  aircraft  la  pitching 

•  (q  +  #)  ♦ 


g  -  32.2  ft/see^ 


(3.2) 


whara  F,  q,  and  V  ara  aircraft  heading  angle,  pitch  rata  and  velocity,  respec¬ 
tively.  By  the  above  assumptions  q  ■  y  for  the  vertical  axle,  y  being  the  flight- 
path  angle.  Thua  e 

V  (yt  +  V>  *T 


and 


K*  +  b 


(3.3) 


where  the  aubacrlpta  T  and  A  denote  the  target  and  the  attacker,  reapectlvely. 
Since  we  are  intereated  only  In  the  devlatlona  between  attacker  and  target  air¬ 
craft  motione,  it  la  convenient  to  conaider  an  attacker  centered  coordinate 
system.  Thua,  we  aat  and  ^"0.  It  la  convanlent  to  define 


ao  that, 


$4  ^  ■  relative  roll  angle 

F  A  VA  -  tT  ■  relative  headinge 


*  -  <ya  +  $  >  ♦ 


(3  4) 

(3.3) 


The  time-varving  quantity  y.  effects  the  motion  In  the  lateral  axle.  In  fact,  If 
we  consider  y.  -  conatant  than  Equation  (3.5)  repreaenta  a  dynamic  linearisation. 
In  th<a  present  problem  y.  is  a  random  variable,  w'th  a  mean  and  variar.ee  that 
are  functions  of  time.  It  1*  more  convenient  to  use  y-  In  Equation  (3.5),  since 
this  will  be  a  "cleaner"  signal.  The  approximation  IsSalld  to  first-order  as 
(YT  ~  Ya)  ♦  ■  0.  Thua, 

F  -  (YT  +  $  )  *  (3.6) 

The  next  equation  specifies  the  relationship  between  heading  error  F  and 
tracking  error  e(t).  It  la  easy  to  show  that 

A  -  |  V  (3.7) 

where  D  ■  distance  between  the  two  aircraft. 

The  final  aquation  reflects  the  aircraft  roll  axis  dynamics  which  la  essen¬ 
tially  a  roll-rate  command  system 

t  .  <)  +  $  ■  6  (3.8) 

9  • 

In  the  present  simulations  *  5.55. 

9 

Equations  (3,6)  -  (3.8)  show  that  the  response  between  6ft  and  e(t)  is  like 
1/e 3,  This  is  a  very  difficult  system  for  a  human  to  control,  depending  on  the 
visual  information.  The  block  diagram  of  this  system  is  shown  In  Figure  1. 
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FIGURE  1 .  A  4th  ORDER  LATERAL  AXIS  MODEL 


For  convenience,  the  scale  factor,  or  open-loop 
into  en  equivalent  gain  K(t)  et  the  input*.  As 
become  , 

*4  ■  K(e)  4 

X3  -  K(t)  4 
x2  *  e(t)  ■  J 
Xt  ■  e(t) 


gain,  (Vy.  +  g)  d“"  he*  been  made 
a  result,  the  etate  definition* 


0.9) 

* 


It  ahould  be  noted  that  the  above  manipulation  la  valid  only  when  K(t)  i*  constant  or 
■lowly  varying.  Thi*  ha*  been  the  usual  aaaumpUon  when  considering  time-varying 
system  parameter*  in  pilot  modeling  efforts. 

el. 

The  system  of  Figure  1  is  4  -order.  It  can  be  reduced  to  third  order  by 
combining  the  first-ordur  lag  <t4*  +  l)"1  with  the  first  orddr  lag  Ct^s  +  l)**1 
that  1*  Introduced  by  the  neuro-motor  dynamic*  in  the  optimal  control  model.  Thu* 
we  set  TN,tquiv  ■  tn  +  in  the  eubsequent  modeling  process,  and  the  system  of 
Figure  1  becomes  a*  shown  in  Figure  2. 


FIGURE  2.  A  3rd  ORDER  LATERAL  AXIS  MODEL 


Here,  6,  -  I  and  x^,  x2>  x3,  ere  a*  defined  previously.  The  state  equations  are 

*2  ■  “2 
*2  “  ^3 
*3  ■  K(t)  6* 


*f> 

Note  4  g  is  the  target  acceleration. 
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or,  In  matrix  form, 


ro  i  o“ 

0  0  1 

X  + 

'o' 

0 

f — 
O 

o 

o 

1 _ 

1 

■e  m 

K(t)  6m(t)  -  Ax  +  bK(t)  «4(t)  (3.10) 


Mott  thtt  K(t)  enters  only  ««  t  tctltr  multlplltr  on  tht  control  5*.  This 
meant  chat  tha  control  £*  can  be  computed  for  K(t)  ■  1  and  than  adjusted  for 
arbitrary  K(t)  via  Inverse  scaling.  Zt  will  be  been  that  K(t)  has  an  effect  on 
the  pilot’s  additive  motor  nolsa«  For  notational  purposes  we  define  K(t)d  (t)»u(t), 


The  observations  that  are  available  to  the  pilot  Iti  order  to  minimise  lateral 
cracking  error  are 

•  tracking  error  a(t) 

«  error  rate,  *(t) 

(3.11) 


yl 

y2 

y3 

y4 


2 

*3 

Vk(t) 


■  relative  roll  angle,  4> 

■  roll  rate,  $ 


Tha  obaarvation  y,  of  roll  angle  is  critical  for  the  control  task.  If  this  inform¬ 
ation  is  absent  it  la  virtually  impossible  for  c  human  to  control  the  K/s3  system. 
The  rule  -  of  -  thumb  control  logic  of  "keep  your  wings  aligned  with  those  of  the 
target  aircraft"  is  testimony  to  this  fact.  Tha  information  y*  is  not  very  impor¬ 
tant  hare  inasmuch  as  the  control  signal  u(t)  is  essentially  "known",  it  would 
be  of  importance  if  the  target  aircraft  were  free  to  move  laterally. 

The  above  developments  specify  completely  the  equations  needed  to  apply  the 
optimal  control  model  as  presented  in  the  next  section. 

-Sgasifll  JteteLiai  ■ 

The  operator-adopted  treoklng  strategy  is  represented  via  tha  OCM  coat  func¬ 
tional  weighting  parameters,  These  weightings  are  used  to  generate  "optimal"  feed¬ 
back  controls.  But  the  human  operator  has  inherent  limitations  that  limit  his 
performance  in  e  control  task,  Thesa  limitations  are  represented  in  the  OCM  by 
perceptual  and/or  motor  submodels  that  include  several  parameters,  It  is  our 
hypothesis  that  the  human's  limitations  and  tracking  strategy  are  aff acted  by 
O-strass.  Therefore,  the  modeling  approach  is  to  first  isolate  the  0-stress  depen¬ 
dant  OCM  parameters  and  cost  functional  components,  end  then  to  determine  the  struc¬ 
ture  of  that  dependency.  Below  we  list  all  OCM  parameters  and  indicate  how  they  are 
affected  by  the  acceleration  stress. 

Obfwation  /  Zndiff»vno«  Thr*»hold»i  The  pilot’s  perceived  observations  y  j(.t), 
are  a  noisy,  delayed  end  thresholdad  version  of  the  displayed  variables,  vis. 


ypl(t)  *  F^Ct-t))  +  vyt(t-T) 


i-l,...,4 


(4.1) 


Bare  y<(')  is  the  displayed  variable,  v»^(*)  is  a  white  observation  noise,  r  is 
the  nominal  lumped  time  delay  (  ,2  sec)  and  f^C*)  Is  the  threshold  nonlinearity 
of  width  ±  sj.  In  the  context  of  this  study,  the  a^'s  Ci“2,  3,  4}  were  selected 
at  nominal  values.  Tha  Indifference  threshold  on  y1  ■  a,  however,  was  treated 
differently. 
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Tht  experimental  setup  war  such  that  Che  aubjecCs  were  inatruoctd  to  mlnlnlgc 
the  Cracking  error  only  during  Che  aecond  half  of  Che  Cracking  period.  Therefor*  dur¬ 
ing  the  initial  period  (Including  the  high  G  peak-  see  Figure  $  the  subjects  adopted 
a  strategy  of  aarely  "keeping  the  target  on  Che  screen".  This  variation  in  pilot 
eonCrol  strategy  could  be  modeled  by  altering  Che  indifference  threshold  on  Che 
tracking  error.  Thus*  during  the  first  Cracking  invarval  (Oi t iT. ,  T,  s  30  sec) 
a.  •  80  mrad  »  maximum  angular  error  allowable,  given  Che  display^serten  width. 

During  the  second  half  of  the  run  wa  choose  a^  ■  30  mrad  corresponding  to  a  minimal 
threshold  level  (■  1/3  plppor  diameter). 

The  increase  in  error  threshold  described  above  lo  independent  of  0  forces. 

In  the  presence  of  o-stress,  there  is  assumed  to  be  e  further  inereese  in  the 
model's  indifference  threshold.  The  argument  is  that  under  sustained  physical 
strees  the  pilot  tends  to  decrease  hie  concern  over  the  tracking  error.  In  other 
words,  he  becomes  increasingly  indifferent  to  the  Information  presented  on  the 
display  screen,  end  more  concerned  with  his  own  psycho-physiological  response. 
Assuming  e  minimal  0A  level  (A  *  4g)  below  which  the  pilot  would  perform  "well", 
we  modify  the  indifference  threshold  according  to  the  heuristic  formula, 

ex(t)  +  a^t)*  (l  +  cmax2  [0,(0A  -  Gmln)])  (4.2) 

where  c  ia  an  adjustable  constant.  In  the  present  work  c  ■  .2. 

In  the  OCM  it  is  assumed  that  the  observations  yAt)  art  normally  distributed 
random  variables.  The  Randon-Input-Deserlbing-FunotlSn  (RIDF)  is  conveniently 
used  to  statistically  linearise  F<>).  The  perceived  observations,  Eq  (4.1),  era 
therefore  approximated  by 

ypi(t)  ■  N1(ai,y1,oyl)  y±<t-T)  +  vyl(t-x)  i-1 . 4  (4.3) 

o 

where  N1(>)  is  the  equivalent  linear  gain  end  and  ofa  are  the  mean  and  the 
variance  of  the  1-th  observed  variable. 

Motor  Noitot  In  the  Optimal  Control  modeling  process,  the  control  ia  is  generated  as 

*1  +  *  -««>*<*>  +  vm(l>  '  (4-41 

The  gains  L(t)  are  computed  via 

L(t)  -  Lj^C(t)  (4.5) 

where  L.  are  the  optimal  gains  corresponding  to  K(t)  *  1.  The  quantity  v (t)  is 
the  human's  "motor"  noise.  The  motor  noise  consists  of  two  parts >  a  purely 
additive  component  v*(t)  and  a  multiplicative  component  that  scalsa  with  the  con¬ 
trol  6^.  Thus, 

vm(t)  "  <Cl>  +  PjMOlMO  (A. 6) 

IQ  m  U  m 

where  $(t)  is  assumed  to  be  "white"  and  pu  is  the  motor  noise  ratio. ,  Multiplying 
Equation  (4.4)  through  by  K(t),  noting  Equation  (4.5)  and  defining  6#  K(t)A  u(t), 
we  obtain 


TN,equiv 


,u  +  u  ■ 


ft  -  A  $  +  b  u(t) 

>Ljg(t)  +  K(t)v*(t)  +  pu|u(t)|5(t) 


(4.7) 

(4.8) 


Thus,  ths  only  effect  of  the  gain  K(t)  is  to  increase  the  effective  additive  motor 
noise  component,  the  variance  of  which  increases  as  K2(t),  vis 

V°(t)  +  K2<t)  V°(t) 
m  m 

The  multiplicative  part  of  the  motor-noise  scales  with  the  effective  control  u(t) , 
Which  is  convenient  for  modeling.  The  net  result  is  as  expected)  A  constant 
motor  noise  input  will  have  a  greater  effect  on  lateral  tracking  error  during 
periods  of  high  pitch  rate  since  the  system  sensitivity,  K(t),  Increases  11  q  ■  f 
increases, 

Ths  above  discussion  is  relative  to  the  interdependencies  between  the  system 
dynamics  and  the  motor  noise,  Ths  effect  of  0-stress  on  this  motor  noise  remains 
to  be  determined.  In  the  course  of  ths  modeling  work,  it  became  apparent  that 
modal  predictions  were  quite  sensitive  to  variations  in  v£  end  pu.  Increases  in 
these  parameters  greatly  increased  the  magnitude  of  the  model-predicted  o  (t). 

Large  incraabas  in  s.  are  observed  between  the  static  and  the  dynamic1’ 0  conditions 
(Figures  3-4) .  We  postulate  therefore  that  0  and/or  o  stress  increases  the  motor- 
noise,  In  a  previous  effort  to  model  pilot  performance  under  vibration  stress, 
Levison  [3]  also  needed  to  increase  ths  motor  noise  to  match  the  data.  Although 
vibration  is  a  different  form  of  physical  stress  than  sustained  acceleration,  it 
is  possible  to  extrapolate  from  Levison' s  results  to  our  study.  The  following 
approaah  was  taken. 

1.  In  the  static  conditions  the  nominal  value  of  V®  a.13  was  chosen  on  the 
basis  of  the  manipulator  dead-sona  characteristics,  in  tne  dynamic  condltlona  Vj-1. 

2.  Attalned-0  levels  increase  v£(t)  according  to  a  relation  of  the  form, 

<«>■'£  (1  +  «-“»2  W]) 

where  Cnln  •  4g  and  c  ■  0.2  is  chosen  to  match  the  og  data. 

3.  Sharp  peaks  occur  in  the  ensemble  error  standard  deviation  in  Figure  4 
at  t  «  20  sec.  and  t  *  35  see.  At  these  times  pilot  performance  is  ths  worst. 

Also,  from  Figure  5,  it  ie  clear  that  |0A|  is  at  its  highest  levels  around  these 
times.  It  would  appear  that  these  two  events  are  correlated,  and  that  the  data 
trends  can  be  explained  by  the  cross feed  phenomenon  In  a  manipulator,  enhanced 
by  the  6.  factor.  We  therefore  apply  v£  ■  400  (l.a.  20  times  higher  additive 

motor  noise  in  the  lateral  axis)  during  ths  intervals  12  <  t  S  21  and  30  i  t  &  36, 
where  is  maximum.  This  is,  of  course,  only  a  tentative  value  and  an  approp¬ 
riate  functional  relationship  V®(t)  *  v£(t,GA,0A)  has  to  be  determined. 

4.  Ths  nominal  value  of  pu  is  -20dS  for  ths  static  modeling  condition  and 
-18dB  for  the  dynamic  case. 

Obaamation  Noiaa  i  This  noise  was  chosen  in  the  usual  way 

'yi 

vyi  '  °yl  ~T~  4“l . 4  «•’> 

1 

is  the  observation  noiae  variance,  py^  is  the  obssrvstion  noise  ratio 
'slue  of  -20dB)  and  l4  is  the  fractional  attention  allocation  to  indicator 
i  C-l/4  for  all  i)  1 


where  Vyi 
(nominal 
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I 


NiUX>0“Motov  Tim  ConatanU  The  effective  time  constant  uaad  in  this  study  was 


N,equiv 


*«  +  ’»  ■  -1  +  iAr "  •* 


Ptrformana*  Ind$m 
functional 


The  optimal  control  policy  ia  that  vhieh  minimlaaa  the  coat 


J(u) 


V*  +  Vp  +  8*2 


(4.10) 


Tha  q.,  q*  and  g  are  weighting  constants,  and  a-  and  +-  are  the  perceived  obser¬ 
vations  of  tha  lataral  tracking  error  and  relative  roll  angle  t. In  affect,  the 
performance  index  becomes  / 


J(u)  -  G 


M12tax<t>,  ot(t)].qta2+q^2+g(k2 


/  (4.11) 


(Tha  relative  roll  angle  indlffaranca  thraahold  ia  negligible  (a,“0),  ao  that  ♦“♦_.) 
With  thia  modification,  tha  coat  functional  weighting  e(t)  ia  no  longer  a  constant, 
but  rather  a  time-varying  quantity  ainca  the  thraahold  a.  and  tha  error  standard 
deviation  c.  era  time  functions.  This,  in  turn,  rasults^ln  time-varying  feed¬ 
back  control  gains. 


V,  Results  and  Conclusions 

Once  tha  OCM  paramatara  are  determined,  aa  in  tha  previous  section,  tha  modal 
ia  completely  specified.  Application  of  tha  modal  doaa  indeed  reproduce  the 
experimental  data,  aa  shown  in  Figures  3  and  4.  Tha  date-modal  fits  era  excellent 
considering  the  fact  that  no  effort  has  yet  bean  directed  towards  a  fine-tuning 
identification  of  the  pertaining  OCM  parameters.  A  discussion  of  the  results 
follows. 

Statio-Q  (Figur*  S) i  Tha  data  exhibit  a  alight  "transient"  that  apparently  results 
from  the  affects  of  coupling  between  vertical  and  horiaontal  axaa.  Thera  are  no 
other  distinctive  trenda  in  tha  data  throughout  tha  entire  60  second  period.  Tha 
level  of  tha  anaamble  standard  deviation  decreases  from  about  30  mrada  at  the 
"transient"  peak  to  about  20  mrada  in  the  steady  state.  It  la  evident  that  the 
modal  reproduces  the  experimental  data  very  wall.  It  should  ba  emphasised  that  no 
modifications  to  the  OCM  nominal  paramatara  ware  necessary  in  the  static  condition. 
This  reaffirms  the  validity  of  tha  OCM  whan  nominal  conditions  era  considered. 

Dummio-0  (Hgux*  4)  i  Examination  of  tha  experimental  data  reveals  the  following, 

1,  There  is  a  large  "transient"  in  tha  ensemble  error  standard  deviation  of 
up  to  70  mrada. 

2,  The  standard  deviation  eventually  levels  off  to  about  23  mrade. 

3,  Two  sharp  paaka  are  observed  around  t»20  and  t-33  seconds,  apparently 
due  to  a  dramatic  incraasa  in  tha  pilot  motor  randomness  during  transitive  0A 
periods. 

Tha  reproduction  of  data  by  tha  modal  is  vary  good.  The  "transient"  level 
and  the  steady-state  recovery  era  well-replicated  and  tha  two  distinct  peaks  are 


t  The  use  of  tha  perceived  rather  than  the  di splayed  variables  in  the  cost 
functional  was  first  suggested  in  Ref.  II]. 
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t  predicted.  The  nodal  alao  shows  *n  additional  paak  around  tha  t-32  sacond  which 

aaama  to  ba  somewhat  misplaced  if  not  outright  pussling. 

|  |  In  conclusion,  it  must  ba  re-emphasised  that  tha  modal  presented  in  this  paper 

is  by  no  means  in  final  form.  One  may  question  the  aignlficenoe  of  the  various 
trends  in  the  data.  For  example,  it  is  questionable  whether  the  sharp  peak  in  a  (t) 
at  t«20  for  the  dynamic-G  condition  (Figure  A)  la  significant.  If  we  deem  that  * 
this  trend  is  not  significant,  no  special  increase  in  the  additive  motor  noise  in 
this  region  should  ba  assumed.  Zn  such  case,  the  model  would  predict  no  peek  in 
this  Interval.  It  is  generally  difficult  to  avoid  these  types  of  problems  when 
identifying  models  in  man-machine  systems,  especially  if  time-domain  data  are 
analysed,  thus  additional  experiments  and  further  model  refinement  are  desired. 
These  efforts  are  now  underway. 
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ABSTRACT 


The  standard  optimal  control  model  (SOCM)  for  the  human 
operator  as  developed  by  Klelnman.  Baron  and  Levi  son.  incor¬ 
porates  a  fixed  set  of  hypotheses  or  assumptions  In  Its  for¬ 
mulation.  These  assumptions  have  been  quite  successful  In 
describing  human  response  behavior  In  a  variety  of  control 
situations.  However,  within  the  stochastic  optimal  control 
theory  (LQG)  framework,  several  alternate  sets  of  hypotheses 
appear  capable  of  duplicating  measured  human  response  charac¬ 
teristics.  This  paper  shows  that  there  exist  several  alter¬ 
nate  optimal  control  model  structures  In  the  class  of  optimal 
control  models  that  are  equally  acceptable  In  describing  stand¬ 
ard  laboratory  data  for  k.  k/s  and  k/s2  plant  dynamics.  Im¬ 
plications  of  these  findings  on  model  structure  selection 
and  parameterization  are  discussed.  Situations  requiring 
additional  experimental  verification  are  Identified.  The 
paper  also  Includes  an  evaluation  of  the  Identlflablllty  pro¬ 
perties  of  the  optimal  control  model  structures  and  their 
Impact  on  the  utility  of  such  models  for  predictive  purposes. 


*  This  work  was  accomplished  under  contract  No.  F33615-7B-C-0501  for  the 
Air  Force  Aerospace  Medical  Research  Laboratory  through  Request  No.  22- 
ME-4  from  the  University  of  Dayton  Research  Institute,  Dayton,  Ohio. 
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I.  INTRODUCTION 


*  nr?  S  r  r£5! 

ru  7AIM  WS  Jit.™  "  .1*5.'. 

; 5? 3? »  S!JS?bSi-. . 

S.3S^?sSSlS*Lps^  ?? 

-.jj-jm  oirformance  and  reliability  of  the  complete  manual  control  system. 
Consequently,  aavtral  different  mathematical  raprtaantat Ions  for  the 
«  "4l'!r  KivI  bli'n  propctd  ov.r  th.  p..t  th  rty  ».«.  T*tr..  t,,n 
ph»»**etar1  zad  as  a  servo  compensator,  a  digital  controller,  a  nmta-staw 
machlna  and  an  optimal  controller.  However,  since  Its  formulation  a  ^ada 
ago,  the  optimal  control  model  of  Klelnman,  Baron  and  Levi  son  tl-3] ,  hereafte 
referred  to  as  the  Standard  Optimal  Control  Model  (SOCM),  has 

of  the  frequently  used  models  for  tho  study  of  1 C05ElSX4«a5hlnf^!jMi?twyQf 
terns.  The  primary  reason  for  the  success  of  the  SOCM  Is  the  ^•xjbjllty  °* 
the  modern  control  theoretic  method  In  handling  mu! tl variable,  multi  axes, 
nonlinear  and  nonstationary  stochastic  control  situations  within  a  well  de 
veloped  and  general  state  variable  optimal  control  (Llnear-Quadratlc-Gausslan) 
framework, 

The  SOCM  for  the  human  operator  Incorporates  a  fixed  set  of  hypotheses 
or  assumptions  in  Its  formulation.  These  assumptions  have  been  quite  suc¬ 
cessful  In  describing  human  response  behavior  In  a  variety  of  control  situa¬ 
tions.  However,  within  the  stochastic  optimal  control  theory  , 

several  alternate  sets  of  hypotheses  appear  eapahl#  of  duplIcatlnj  mMSurjd 
human  response  characteristics,  This  report  shows  that  there  •xlJt 
alternate  optimal  control  model  structures  In  the  general  class  of  optimal 
control  models  that  are  equally  acceptable  In  describing  standard  laboratory 

data  for  k,  k/s  and  k/s^  plant  dynamics  (6,6).  The  implications  of  these 
findings  on  model  structure  selection  and  parameterization  are  substantial. 
The  criterion  for  selection  of  one  model  structure  over  others  must  depend 
upon  the  Intended  use  or  application  of  the  candidate  model.  If  the  intended 
use  Is  to  fit  or  mimic  available  experimental  data,  then  clearly  the  model 
which  gives  the  best  fit  or  lowest  residual  variance  must  be  chosen.  A 
number  of  so-called  "goodness  of  fit"  tests  have  been  developed  to  check  whe¬ 
ther  the  given  model  Is  a  "good  fit"  to  the  data  [7-9).  These  tests  are 
known  as  residual  tests  since  the  tests  are  given  In  terms  of  the  residuals 
Obtained  from  the  model  and  the  given  set  of  observations.  However,  these 
significance  tests  have  their  limitations  and  can  lead  to  erroneous  conclu¬ 
sions  If  the  Intended  model  application  Includes  prediction  or  forecasting 
In  addition  to  data  matching.  Goodness  of  fit  tests  like  any  hypotheses 
test  merely  tell  If  the  given  model  Is  completely  Inappropriate  or  not  com¬ 
pletely  Inappropriate  (as  opposed  to  completely  appropriate).  In  other  words 
the  candidate  model  Is  either  rejected  or  not  rejected  (as  opposed  to  being 
accepted). 
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Thus  If  a  model  Is  to  be  used  for  prediction  then  matching  available 
experimental  data  with  minimum  fit  error  Is  not  a  sufficient  criterion  for 
accepting  (not  rejecting)  the  model.  Any  human  operator  model  selected 
should,  as  a  minimum,  be  structurally  Identifiable  and  parsimonious  In  Its 
parameterization.  Unless  the  model  structure  Is  Identifiable,  there  Is  no 
guarantee  that  the  model  parameters  uniquely  describe  the  measured  human 
response  data.  In  other  words,  different  Investigators  can  come  up  with 
several  sets  of  model  parameter  values  to  describe  the  same  Input-output 
data.  The  need  to  have  a  model  whose  parameters  are  uniquely  characterized 
by  the  available  data  should  be  self  evident.  Only  when  the  human  operator 
model  Is  uniquely  defined  by  data  can  its  parameter  values  be  used  to  pre¬ 
dict  the  effects  of  external  stresses,  plant  dynamics,  disturbance  Inputs, 
motion  cues.  Instrument  scanning  and  other  factors. 

Having  selected  an  Identifiable  model  structure,  the  next  Important  task 
Is  the  choice  of  a  particular  parameterization  for  describing  the  available 
data.  As  mentioned  earlier,  fit  error  Is  not  an  adequate  criterion  In 
selecting  the  model  parameterization.  For  example,  suppose  we  have  N  ob¬ 
servations  on  the  Input  u(t),  t  -  1,2, — . N  and  the  output  x(t),  t  ■  1,2—, 
N.  This  Input-output  data  could  have  a  mixed  autoregressive  moving  average 
(ARMA)  structure  as  Its  true  model.  However,  this  data  may  also  be  modeled 
by  a  sufficiently  long  autoregressive  (AR)  parameterization.  Jenkins  and 
Watts  [10]  have  demonstrated  the  Inefficiency  of  the  direct  estimation  of 
the  Impulse  response  function  as  compared  to  Its  parametric  (difference  or 
differential  equation)  representation.  Replacing  a  lower  order  ARMA  model 
with  a  high  order  AR  representation  would  lead  to  similar  problems  and 
hence  Inefficient  parameter  estimates.  For  predictive  purposes,  a  model 
parameterization  with  fewer  parameters  Is  preferable.  Therefore,  the  ob¬ 
jective  of  modeling,  Including  human  operator  modeling,  must  be  to  develop 
Identifiable  structures  and  parsimonious  parameterlzatlons.  Model  predic¬ 
tions  could  be  seriously  deficient  If  frugality  Is  not  exercised  In  model 
structure  formulation  and  parameterization. 

This  report  reviews  the  formulation  and  validation  of  the  SOCM  from  a 
structural  Identlflablllty  and  model  parameterization  viewpoint.  The  SOCM 
as  well  as  the  standard  laboratory  data  used  In  Its  verification  are  sum¬ 
marized  In  the  following  section.  Revisions  to  the  SOCM  made  by  BBN  [11-12] 
(hereafter  referred  to  as  the  Revised  Optimal  Control  Model  -  ROCM)  to  ac¬ 
count  for  motion  cue  effects  are  discussed  In  Section  3.  Section  4  com¬ 
ments  on  model  validation  procedures  and  on  the  Identlflablllty  of  the 
optimal  control  model  structure.  A  simple  example  Is  used  to  Illustrate 
some  of  the  ambiguities  related  to  parameter  selection  or  estimation.  Im¬ 
plications  of  considering  the  SOCM  and  the  ROCM  as  just  specific  representa¬ 
tions  within  the  class  of  optimal  control  models  are  presented  In  Section  5. 
A  general  set  of  hypotheses  describing  the  class  of  optimal  control  models 
Is  defined.  Alternate  hypotheses  within  this  general  set  are  shown  to  be 
capable  of  describing  the  standard  laboratory  tracking  data  corresponding 

to  k,  k/s  and  k/s2  plant  dynamics. 
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V 


It  Is  assumed  that  the  reader  Is  famllar  with  the  SOCM  as  proposed  by 
Klelnman,  Baron  and  Levlson  approximately  ten  years  ago.  This  preliminary 
work  was  accomplished  by  this  author  under  a  30  day  consulting  contract  (Re¬ 
quest  No.  22-ME-4)  with  the  University  of  Dayton  Research  Institute  for  the 
6570th  Aerospace  Medical  Research  Laboratory  (AMRL) •  Wrlght-Patterson  Air 
Force  Base.  Ohio.  Even  so,  the  results  to  date  are  very  Interesting  and 
Indicate  that  further  research  Into  the  subject  should  be  rewarding. 


II.  THE  STANDARD  OPTIMAL  CONTROL  MODEL 

The  development  of  the  standard  optimal  control  model  constituted  a  ra¬ 
dical  departure  from  human  operator  modeling  technology  prevalent  during 
that  period.  Quasi -linear  describing  function  models  and,  to  some  extent, 
discrete  sampled  data  models  were  the  only  human  operator  models  with  any 
theoretical  basis  available  to  the  manual  control  community.  The  SOCM, 
therefore,  had  the  burden  of  duplicating  the  peculiar  human  psycho-physical 
model.  These  Included  a  time  delay,  a  remnant  or  noise  component,  a  central 
nervous  system  Information  processing  unit  referred  to  as  an  equalizer  ele¬ 
ment,  and  a  so-called  neuromuscular  lag  reflecting  the  neuromotor  system 
dynamics.  The  basic  assumption  In  the  SOCM  Is  that  the  trained  human  opera¬ 
tor  In  a  precision  control  task  behaves  like  an  optimal  controller  and  In¬ 
formation  processor  with  respect  to  the  given  task  objectives.  Imposition 
of  the  above  mentioned  psycho-physical  constraints  on  this  optimality  as¬ 
sumption  leads  to  the  well  known  SOCM  structure  shown  In  Figure  1. 


DIITUMANCIt 


HUMAN  OPERATOR  MODEL 


FIGURE  1.  CONTROL -THEORETIC  MODEL  OF  HUMAN  RESPONSE  BEHAVIOR 


The  SOCM  consists  of  four  tandem  components:  corresponding  to  models  for  hu¬ 
man  perception,  Information  processing,  control  and  neuromuscular  dynamics, 
Specifically,  the  SOCM  assumes  that  (1)  the  time  delay  t  Is  lumped  at  the 
perceptual  end  and  the  human  operator  perceives  delayed  noisy  observations 
of  the  displayed  variables  and  their  first  derivatives,  (2)  the  trained 
human  observer  has  an  Internal  state  variables  model  for  the  plant  dynamics, 
commanded  Inputs  and  stochastic  disturbances  that  Is  Identical  wltli  the 
actual  linearized  system  model,  (3)  the  operator  chooses  a  control  law  that 
minimizes  a  quadratic  cost  functional  In  terms  of  the  state  vector,  the  con¬ 
trol  rate,  and  (4)  the  operator  has  neuromuscular  limitations  reflected 
In  a  noisy,  filtered,  Implementation  of  optimal  control  feedback. 

Thus,  the  SOCM  Is  completely  parameterized  by  the  quadratic  cost  func¬ 
tional  weighting  matrices,  the  time  delay  In  the  observations  and  the  motor 
and  observation  noise  covariances,  Note  that  the  so-called  neuromotor  time 

constant  tN  Is  Implicitly  characterized  by  the  weighting  matrix  on  the  con¬ 
trol  rate  vector.  The  SOCM  Is  a  special  case  of  the  state  variable  model, 

The  model  structure  and  order  are  completely  determined  by  the  models  for 
the  plent/nolie  dynamics  and  the  weighting  matrices  In  the  task  cost  func¬ 
tional.  The  critical  problem  In  using  the  SOCM  for  a  specific  manual  control 
tesk  lies  In  the  selection  of  the  model  parameter  values.  The  basic  approach 
used  In  the  past  has  been  to  Iterate  on  the  model  parameters  on  a  trial -end- 
error  basis  so  as  to  get  a  good  fit  or  match  between  model  outputs  and  actual 
measured  data.  Typically,  spectral  data  on  the  equivalent  Input-output  des¬ 
cribing  function  magnitude  and  phase  characteristics,  and  the  remnant,  ob¬ 
tained  from  standard  laboratory  manual  tracking  task  experiments  has  been 
used,  A  review  of  this  standard  laboratory  experimental  data  Is  given  In  the 
following  because  of  Its  relative  historic  Importance  In  validating  the  SOCM 
and  the  ROOM. 


2.1  Review  of  Standard  Laboratory  Exoerlments/Data 

Experimental  data  from  three  single  axis  manual  tracking  tasks  corres¬ 
ponding  to  position  control  or  k  dynamics  [5],  rate  control  or  k/s  dynamics 

[6]  and  acceleration  control  or  k/s2  dynamics  [5]  has  been  extensively  used 
as  a  baseline  data  for  determining  or  selecting  human  operator  model  para¬ 
meters.  A  signal  consisting  of  a  sum  of  13  sine  waves  was  used  to  generate 
tne  disturbance  Input.  The  Input  spectrum  approximated  a  first  order  noise 

with  a  bandwidth  of  2  rad/s  for  the  k/s  and  k/s2  experiments  and  a  second 
order  noise  process  with  a  bandwidth  of  2  rad/s  for  the  k  experiments.  The 
disturbance  Input  was  added  In  parallel  to  the  human  operator's  control  In¬ 
put  for  the  k  and  k/s  tasks  but  was  added  to  the  plant  output  rate  for  the 

k/s2  experiments. 

Internal  models  for  the  plent/nolse  dynamics  and  other  elements  used  In 
the  SOCM  are  given  below.  The  only  approximation  made  Is  In  the  representa¬ 
tion  of  the  sum  of  sine  waves  disturbance  Input  as  a  state  variable  noise 
model . 


Block  Diagram: 


1  -  *) 

u  -*>Q— — •» 

Note:  %  Introduced  for  analytical  reasons. 


Plant  Dynamics:  ij  ■  -40x3  +  40  (x2  +  u) 

Disturbance  Model:  x^  *  -2x^  +  w  i  W  ■  o2  "  5|^2® 

&2  ■  -2x2  +  2xj 

Perception  Model:  ypl  ■  y j(t  -  t), 

yp2  •  y2(t  -  t) 

where  y^  ■  x3  +  vy2 

h  "  *3  +  vy2 


t  ■  time  delay 


Quasratle  Cost: 

j  ■  y  i*| + 

g  fi2  ]dt 

Motor  Model : 

T„fi  +  u  ■  u  + 

n  w 

v_ 

m 

SOCM  parameters: 

Control  rate  weighting  o 

Observation  noise  covariances  V  Vv2 
Motor  noise  «yar lance  V  3  3 

where 

Vyi-  Pyl^ 

(pyl  ■ 

0.01  5  -20  dB) 

vy2*  py2  ^2 

(py8  • 

0.01  5  -20  dB) 

*T 

V*  "  P»  nu‘ 
m  m  c 

(c»  ■ 

0.003 s  -25  dB) 

Figure  2.  shows  the  k  dynamics  describing  function  (magnitude  and  phase) 
md  remnant  (Injected  at  plant  output)  data  as  well  as  the  SOCM  output  fit 
for  g  ■  0.01.  t  ■  0.16,  and  equal  attention  allocation  to  yi  and  y«.  SOCM 
)utput  seems  to  match  experimental  data  farlly  well  except  for  the  phase  dis¬ 
crepancy  at  low  frequencies. 


II  i*  *- 


k/s  Dynamics: 


Block  Diagram: 


Plant  Dynamics: 

*2 
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Xj  +  u 

Disturbance  Model: 
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Perception  Model: 

yPl 
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*2  +  vyl 
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*2  *  vy2 
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time  delay 

Quadratic  Cost: 

J 

m 

g  i 

Motor  Model : 

Tnfl 

+ 

u  -  uc  +  V| 

SOCVl  Parameters: 


Control  rate  weighting  g 
Observation  noise  covaria 


Observation  noise  covariances  V  . ,  V  5 
Motor  noise  covariance  V  ye 


where 


Vyl*  Vy2  and  vm  are  d8f,|necl  as  'ln  k  e*amP1e  above. 


Figure  3  shows  the  k/s  dynamics  describing  function  and  remnant  data 
3  with  the  SOCM  output  match  for  o  »  0.00017.  t  >  0.15  and  eaual  attai 


along  with  the  SOCM  output  match  for  g  ■  0.00017,  t  «  0.15  and  equal  atten¬ 
tion  to  yj  and  yg.  As  with  the  k  data,  SOCM  outputs  seem  to  match  the  ex¬ 
perimental  data  fairly  well  except  for  the  phase  error  at  low  frequencies. 


k/s  Dynamics: 


Block  Diagram; 


m 


see 
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Plant  Dynamics: 


Disturbance  Model:  x 
W 


1 


8  X1  +  x3 


•2xj  ♦  w 


Perception  Model s  y 


Pi 

yP* 

yl 

y2 

T 

J 


2 

Jw 


o-  -  0,217 


■  ^(t  -  t ) 

■  y2(t  *  i ) 

■  W 

-  i2tvy2 

■  time  delay 

■  f[*l  +  9  ^2]  dt 


Quadratic  Cost: 

Motor  Model : 

SCOM  parameters:  g,  V  Vy2  and  Vm  as  before. 


T„u  +  u  ■  u„  +  vm 
n  cm 


Figure  4  shows  the  human  operator  describing  function  and  remnant  data 

for  the  k/$2  experiments.  SOCM  outputs  are  also  shown  on  the  same  figure  for 
g  ■  0.00007,  t  ■  0.21  and  equal  attention  allocation  to  yj  and  y2>  Model  out¬ 
put  seems  to  match  data  over  the  complete  measurement  frequency  range. 

In  each  of  the  above  cases,  the  equivalent  describing  function  for  the 
human  operator  Is  given  by 

u(s)  »  hj(s)  yj(s)  +  h2(s)  y2(s) 

•  Ch1(s >  +  s  h2(s)l  y^s) 

(0  *  he{s)  ■  hj(s)  +  s  h2(s) 


or 


The  equivalent  remnant  spectrum  Injected  at  the  plant  output  Is  given  by 

2 u  x  it  / .  \  i  2 , 


ylyl 


(,)  .  |hl(5)|  Vyl*glhZ(s|l  vyi  + 


h,<«>l 


_ _m _ 

IV  +  l!z|he(s)|2 


similarly,  the  equivalent  remnant  spectrum  Injected  at  the  plant  output  rate 
Is  given  as 


348 


S2  *v  v  (s) 
ylyl 


_  I'  >,(«)  I  \  *  H  hj(s)  |  \  t  I*  I  a  vrn 

|h,(»)  I  2  |T„*+1 1  2  |  ti,(0  |  2 

The  theoretical  model  based  mean  squared  values  of  plant  output,  plant 
output  rate  and  control  are  compared  against  measured  data  In  Table  I  below 


TABLE  I 

MEASURED  VERSUS  THEORETICAL  CLOSED-LOOP  PERFORMANCE 


System 

Mean  squared 
plant  output 

Mean  squared 
plant  output  rate 

Mean  squared 
control 

Meas. 

Theor. 

Meas. 

Theor. 

Meas. 

Theor. 

k 

0.13 

0.15 

4.8 

10.725+ 

0.53 

0.486 

k/s 

0.13 

0.114 

r  3.1 

2.97 

4.2 

3.76 

k/sz 

0.014 

0.0133 

0.10 

0.102 

1.43 

1.15 

Note  the  discrepancy  In  the  mean  squared  values  of  plant  output  rate  for  the 
k  system.  The  theoretical  value  of  10.725  Is  more  than  twice  the  measured 
value.  This  number  In  the  report  by  Klelnman  and  Baron  [  4  ,  Table  l/p37]  Is 
given  as  5.3  which  Is  closer  to  the  measured  value  of  4.8  and  has  a  footnote 
attached  to  It  explaining  that  the  number  given  Is  over  the  measurement  fre¬ 
quency  range  oi  <  32  rad/s.  Clearly,  If  exceptions  are  to  be  made  they  should 
be  applied  uniformly  across  the  data  and  not  to  a  selected  set  of  variables. 
Also  note  that  the  value  of  W  for  the  k  system  Is  not  given  explicitly  In  any 
of  the  previous  reports  and  had  to  be  determined  Iteratively  using  the  PIREP 
[13]  program  resident  at  NASA-Ames  Research  Center. 

The  results  shown  earlier  demonstrate  good  agreement  between  the  SOCM 

model  and  the  measured  data  for  k,  k/s  and  k/s‘  manual  control  tasks.  The 
SOCM  model  parameters  -  pyl,  p y2,  pffl,  g  and  x  are  selected  after  considerable 

number  of  Iterations  such  that  the  model  describing  function  (magnitude  and 
phase)  and  remnant  match  measured  spectral  estimates.  It  Is,  therefore,  In¬ 
accurate  to  refer  to  the  good  model  match  as  a  test  of  the  models  predict¬ 
ability.  Model  parameters  were  not  fixed  aprlorl  at  the  values  which  provide 
a  good  match  to  measured  data.  On  the  contrary,  model  parameters  were  de¬ 
termined  Iteratively,  so  as  to  match  measured  describing  function  and  remnant 
characteristics. 
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It  must  also  be  emphasized  that  the  standard  laboratory  data  for  k,  k/s 

and  k/s2  dynamics  discussed  above  is  not  as  reliable  as  one  would  expect,  con¬ 
sidering  that  this  data  is  referred  to  as  the  baseline  for  validating  any  hu¬ 
man  operator  model  and  In  particular,  revisions  or  modifications  to  the  SOCM 

[19],  for  example,  the  k  and  k/s2  experimental  data  was  obtained  jn  support 
of  the  XV-5A  hovering  task  application  with  the  objective  of  determining  the 
various  observation  noise  ratios  (6).  The  measured  describing  function  and 
remnant  reflect  the  average  of  two  runs,  per  subject.  In  addition  the  dis¬ 
turbance  Input  power  levels  were  not  fixed  throughout  the  experiments.  As 
stated  In  reference  5,  (p57)  "different  levels  of  ability  among  subjects 
necessitated  the  use  of  different  Input  levels  to  achieve  the  same  signal 
(plant  output)  variance".  In  addition  describing  function  and,  In  particular, 
the  remnant  data  shown  in  more  recent  references  (e.g..  [3,4]  Is  not  Iden¬ 
tical  to  the  data  In  the  original  sources  [5,6]  from  which  they  were  derived. 

The  above  discussion  shows  that  the  k  and  k/s2  system  data  has  Its  draw¬ 
backs  which  should  be  considered  In  evaluating  the  relative  merits  of  one 
model  against  another.  The  k/s  data  Is  relatively  better  and  Includes  an 
average  of  4  subjects  with  4  trials  per  subject. 


III.  THE  REVISED  OPTIMAL  CONTROL  MODEL 

Section  2  shows  that  the  SOCM  Is  able  to  describe  almost  all  of  the  key 
features  of  the  describing  function  and  remnant  data  for  the  standard  labora¬ 
tory  k,  k/s  and  k/s2  experiments.  The  primary  deficiency  evident  from  Figures 
2-4  Is  the  Inability  of  the  model  to  duplicate  the,  so  called,  low  frequency 
droop  In  the  phase  characteristics  for  the  k  (Fig.  2)  and  k/s  (Fig.  3)  com¬ 
pensatory  regulation  tasks.  In  other  words,  the  SOCM  Is  unsuccessful  In  re¬ 
producing  the  (exp  (a/s)}  low  frequency  phase  droop  term  In  the  Extended 
Crossover  Describing  Function  Model  (second  approximation)  [14]  for  the  human 
operator.  Low  frequency  phase  lags  have  been  Ignored  In  SOCM  model  matching 
procedures  because  they  have  no  substantial  effect  on  closed  loop  man-vehicle 
performance.  This  Is  the  result  of  the  relatively  high  system  loop  gain 
(h#hc(s)  »  1)  at  the  low  frequencies  where  the  phase  droop  Is  evident.  How¬ 
ever,  It  has  been  shown  that  low  frequency  phase  droop  In  the  equivalent  In¬ 
put-output  describing  function  Is  eliminated  In  closed-loop  "pursuit"  track¬ 
ing  tasks  where  the  human  operator  has  access  to  either  the  tracking  dis¬ 
turbance  Input  (In  visual  pursuit  tasks)  [15]  or  the  plant  output  (In  motion 
cue  tasks  on  a  simulator)  [11]  In  addition  to  the  usual  tracking  error  In 
compensatory  tracking  tasks.  Consequently,  It  Is  Important  that  a  human 
operator  model  describe  low  frequency  phase  characteristics  of  the  equivalent 
Input-output  describing  function  if  one  Is  to  understand  the  underlying 
mechanisms  In  human  sensory  feedback  cue  utilization  and  adaptation. 

The  Revised  Optimal  Control  Model  (ROCM),  as  developed  by  Bolt,  Beranek 
and  Newman  Inc.  (BBN)  [11,12],  represents  a  refinement  of  the  SOCM  Incor¬ 
porating  modifications  that  give  It  the  ability  to  describe  the  low  frequency 
phase  characteristics.  The  SOCM  has  a  peculiar  formulation  of  the  control  I 

law  that  Introduces  a  so  called  neuromotor  system  structure  as  part  of  the  1 

equivalent  Input-output  describing  function.  To  be  specific,  the  SOCM 
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assumes  a  quadratic  cost  functional  d  In  state  vector  x  and  control  rate  &  of 
the  general  form  (for  scalar  u) 


J  -  /(xTQx  +  g  u2)  dt  (3.1) 

where  x  ■  Fx  +  Gu  +  Tw  (3.2a) 

u  "  *>•  (3.2b) 

The  optimal  control  law  Is  obtained  by  solving  the  appropriate  Rlccatl  equa¬ 
tion  as 

u  ■  d  ■  -XTx  -  xuu  (3.3) 


\  ■  optimal  gain  feedback  on  the  plant  state  estimate  x 
Xu  "  optimal  gain  feedback  on  control  u 
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y  ■  Hx  +  Du  +  vy  (3.7) 

and  perceived  vector 

yp  "  y(t-r)  (3.8) 

t  ■  delay  time i  vy  «•  observation  noise  vector  x(t)  ■  minimum  mean 
squared  error  (mmse)  estimate  of  x(t)  given  yp(t)  (3.9) 

Note  that  a  motor  noise  vm  Is  added  to  u£  In  computing  the  closed  loop  system 
performance  and  the  Kalman  filter  for  x.  Thus 
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Twu  +  u  »  u  +  vm 
n  cm 


The  Kalman  filter  utilizes  equations  (3.2a  and  (3.10)  as  the  plant  state 
equations  and  equations  (3.7)  and  (3.8)  for  the  measurement  vector,  to  give 

j?  and  u.  However,  the  control  Is  computed  using 


u 


c 


-[A,  0] 


m 


lqj 


(3.11) 


where  the  control  gain  vector  [t,  0]  Is  not  the  optimal  gain  vector  for  the 
system  equations  (3.2a)  and  3.10)  hut  Instead  Is  optimal  for  the  system  given 
by  the  equations  (3.2a)  and  (3.2b).  This  fact  Implies  that  the  resulting 
SOCM  Is  not  "optimal"  In  the  linear,  quadratic,  gausslan  sense  as  the  name 
suggests,  This  suboptlmallty  of  the  control  law  Is  the  result  of  using  equa¬ 
tion  (3.10)  Instead  of  (3.2b)  In  an  attempt  to  Incorporate  a  neuromuscular  lag 
(1/T^  s+1)  Into  the  human  operator  model.  It  Is  easily  shown  that  the  so- 

called  neuromuscular  lag  (1/TN  s+1)  Is  nearly  cancelled  by  the  Kalman  filter 

zero  [TN's+l],,.TN'  ■  TN,  for  nominal  values  of  the  motor  noise  covariance  Vm. 

Clearly,  the  correct  procedure  would  be  to  use 

in  -  Qc  +  vu  (3.12) 

where  the  motor  noise  vu  Is  treated  as  a  disturbance  to  control  rate 

“c  •  -(XT.  Xu)  {Vj  (3.13) 

where  x  and  u  are  obtained  from  the  Kalman  filter  utilizing  equations  (3.2a), 
(3.12)  for  the  plant  state  equations  and  (3.7)  and  (3.8)  as  the  measurement 
equations.  The  resulting  controller  Is  optimal  In  the  LQG  sense  If  all  the 
assumptions  are  satisfied.  Note  that 


It  Is  easily  shown  that  (u„/y)  has  a  zero  (s  +  e)  where  e  h  0  for  V,.  =  0  [16]. 
c  «  0  for  nominal  values  of  Vu<  This  Implies 

u(.)  ■  » <0  <3'l5> 


where  the  (s  +  c)/s  provides  the  low  frequency  droop  observed  In  compensatory 
tracking  describing  function  data.  This  Idea  has  been  used  by  BBN  to  modify 
the  SOCM.  The  ROCM  assumes  the  above  formulation  with  one  major  modification: 
Two  types  of  motor  noise  are  proposed.  A  so  called  "pseudo"  motor  noise  v 
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(cov  vy  ■  V  )  that  Is  used  In  the  Internal  model  for  Kalman  filter  estimation 
and  a  so  called  "driving"  motor  noise  v||(  (cov  v^  e  V  )  which  is  a  disturbance 
In  the  commanded  control  rate  uc  and  drives  the  closed  loop  man-vehicle  sys¬ 
tem.  In  short,  use 

u  •  ilc  ♦  vu  cov  (vu)  »  Vu  (3.16) 

for  derivation  of  the  Kalman  filter  equation  and 

0  *  u.  ♦  v_  cov  (vj  ■  V_  (3.17) 

cm  m1  m 

in  computing  the  mean  square  values  of  system  variables  and  In  defining  the 
equivalent  injected  remnant.  In  general  Vu  f  since  It  Is  difficult  to 

match  both  describing  function  and  remnant  data  with  Vu  ■  Vm  [11). 

,  A  block  diagram  of  the  ROCM  Is  shown  In  Figure  5.  The  pseudo  motor  noise 
vy  Is  shown  dashed  to  Indicate  that  It  does  not  drive  the  system  but  Is  merely 

used  In  the  human's  Internal  model  formulation  of  the  pi  ant/noise  dynamics. 
ROCM  parameters  were  adjusted  on  a  trial  and  error  basis  to  match  the  k,  k/s 

and  k/s2  describing  function  and  remnant  data  In  Figures  2-4.  The  specific 
ROCM  parameters  used  are  shown  in  Table  II  and  the  corresponding  model  outputs 
•re  given  by  dashed  lines  In  Figures  2-4.  Note  that  both  the  SOCM  and  ROCM 
show  Insignificant  differences  in  the  mid  and  high  frequency  regions.  The 
ROCM,  however,  provides  the  low  frequency  droop  match  to  data  which  tha  SOCM 
does  not.  Both  the  ROCM  and  SOCM  have  approximately  the  same  values  for  the 


I _  HUMAN  OMMATO* 


FIGURE  5.  STRUCTURE  OF  THE  REVISED  OPTIMAL  CONTROL 
MODEL  (ROCM)  FOR  THE  HUMAN  OPERATOR 
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TABLE  II  SOCM/ROCM  PARAMETERS 
-k»  k/s,  k/s2  DATA- 


MODIL  P ANAHIT! R 

k 

k/» 

k/l* 

IOCM 

ROCM 

IOCM 

ROCM 

IOCM 

ROCM 

CONTROL  NATS  MSI OHTINO  «  . 

0.01+ 

0.01 

0.00017 

I.0&0I+ 

0.00007 

0.00007 

MOTOR  TIMI  CONSTANT*  T^  . 

0.1111+ 

O.llli 

0.010! 

0.011 

0.1011 

0.101 

TIN!  DILAY  . 

0.11 

0.11 

0.11 

0.17 

0.11 

0.11 

PIIUDO-MOTON 

NOIII/SIONAL  RATIO  (dl)  Pg  . 

— 

•to 

•II 

•  40 

DRIVINO  MOTOR 

NOIH/IISNAL  RATIO  (dl)  Pm  . 

-II 

-II 

•M 

•  II 

•ee 

•All  QISIRVATION 

NOIII/SIONAL  RATIO  (dl)  Py  . 

•to 

•to 

•  10 

•  11 

•10 

•10 

ATTINTION  TO  PLANT  OUTPUT  fyi  . 

1.0 

1.0 

1.0 

1.0 

1.0 

0.1 

ATTINTION  TO  PLANT  OUTPUT 

RATI  fyl  . 

1.0 

0.1 

1.0 

1.0 

1.0 

1.0 

Dl ITURIANCI  INPUT 

PROCIII  NO 1 II  VARIANCI  N  . 

i.«ii+ 

1.411 

l.l 

l.l 

0.117 

0.117 

tOITAINID  THROUGH  I TC RAT t Vt  UK  OF  PIRCR  RROORAM 
*F0R  k/l  DYNAMIC! I  tH  ,  0.707  j1'4 


control  rat*  weighting  a  and  the  observation  nolse/slgnal  ratios  (p  ).  How¬ 
ever,  the  latter  Is  misleading  because  the  fractional  allocation  ofyattent1on 
to  plant  output  fyl  and  rate  fy2  Is  not  held  constant  and  equal  to  one  In  the 

ROCM  except  for  the  k/s  task.  In  fact  (fyl,  fy2)  Is  (1.0,  O.S)  for  the  k  task 

and  (0.1,  1.0)  for  the  k/s2  task.  The  driving  motor  noise  vm  Is  set  to  zero 

for  all  three  cases.  The  pseudo-motor  nolse/slgnal  ratio  (pm)  Is  set  equal  to 

the  base  observation  nolse/slgnal  ratio  py  for  the  k  and  k/s  tasks  but  Is  much 

smaller  (-40  dB)  for  the  k/s2  task.  This  Is  obviously  because  the  SOCM  Is 

able  to  duplicate  the  k/s2  describing  function  and  remnant  data. 


The  ROCM  represents  one  approach  to  modifying  the  SOCM  assumptions  In 
order  to  describe  existing  laboratory  data  over  tne  complete  range  of  the  In¬ 
put  frequencies  (.18  -  32.0  rad/s).  As  pointed  out  by  BBN  [11],  the  pseudo 
motor  noise  Introduced  In  the  ROCM  does  not  seem  to  have  any  particular  ra¬ 
tionale  that  can  be  attributed  to  human  psycho- physical  or  physiological 
characteristics.  Pseudo  motor  noise  must  merely  be  treated  as  a  mechanism  or 
artifice  that  contributes  to  the  generation  of  the  low  frequency  phase  lag  or 

droop  In  the  k,  k/s  and  k/s2  regulation  tasks.  Therefore  It  Is  reasonable  to 
believe  that  there  may  be  one  or  more  alternate  modifications  to  the  SOCM 
assumptions  that  may  be  capable  of  reproducing  the  low  frequency  phase  charac¬ 
teristics  In  the  human  operator  describing  function  and  other  data  over  a  wide 
frequency  range.  One  such  alternate  hypothesis  Is  to  assume  a  different  model 
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for  the  sum  of  sine  waves  disturbance  Input  from  that  used  In  the  SOCM.  A 
preliminary  Investigation  of  the  k/s  data  shows  that  a  sum  of  sine  waves  model 
given  below 


w 

s  +  .18 

1 

XL 

-  W 

S  +  ,Dl 

s  +  2 

■  3.375 

where  Xj2  ■  2.2  Is  the  mean  squared  value  of  the  disturbance  Input •  gives  rise 

to  a  low-frequency  droop.  Figure  3  shows  that  the  magnitude  and  phase  of  the 
SOCM  with  this  modified  Internal  model  for  the  disturbance  Input  match  the 
available  data  as  well  as  the  ROCM  fit.  Remnant  output  was  not  computed  In 
this  preliminary  Investigation*  but  should  match  available  data.  The  only 
modification  made  hers  Is  In  the  Internal  model  for  the  disturbance  Input  by 
adding  a  lag-lead  filter  to  the  existing  first  order  filter  at  2  rad/s.  The 
remaining  parameters  of  the  SOCM  remain  unchanged.  Both  the  ROCM  and  the 
SOCM/wIth  modified  disturbance  model  reflect  alternate  ways  of  representing 
plant  and/or  disturbance  uncertainty.  This  lack  of  uniqueness  of  model  para¬ 
meterization  In  describing  a  given  set  of  data  can  cause  problems  in  certain 
applications.  This  subject  Is  discussed  in  the  following  section. 


IV.  MODEL  VALIDATION  PROCEDURES 

The  usual  approach  to  determining  the  parameters  of  an  optimal  control 
model  for  the  human  operator  Is  to  Iterate  on  the  model  parameters  until  model 
responses  or  outputs  reasonably  match  measured  data.  The  procedure  Is  heu¬ 
ristic  and  Its  rate  of  convergence  to  an  acceptable  parameter  set  depends  In¬ 
timately  upon  the  skill  and  experience  of  the  Investigator.  However,  there 
Is  no  guarantee  that  the  selected  parameters  uniquely  characterize  the  measur¬ 
ed  human  response  data.  In  other  words.  It  Is  quite  possible  to  have  two  or 
more  parameter  sets  describe  the  same  experimental  data.  In  addition,  differ¬ 
ences  can  arise  In  the  variances  obtained  on  the  parameter  estimates.  The 
non-uniqueness  of  the  parameter  estimates  Is  related  to  the  Identlflablllty 
properties  of  the  model  structure  while  variances  In  parameter  estimates  are 
affected  more  by  the  parsimoniousness  of  the  chosen  parameterization. 

Results  of  the  previous  section  demonstrate  the  feasibility  of  having 
two  or  more  parameter! zatlons  for  a  given  set  of  data.  This  Is  evident  by  the 
fact  that  both  the  ROCM  and  the  SOCM  /  with  modified  disturbance  model  are 
equally  able  to  describe  k/s  describing  function  data  over  the  frequency 
range  of  Interest.  This  gives  additional  justification  for  Investigating  al¬ 
ternate  optimal  control  model  structures  for  the  human  operator.  However,  be¬ 
fore  proceeding  with  that  a  simple  optimal  control  model  example  Is  developed 
to  Illustrate  the  concept  of  structural  Identlflablllty. 

Identlflablllty  Example 

Consider  a  regulation  task  as  shown  below 


Plant/Noise  Model : 

• 

X 

■  U  +  w 

cov(w)  «  W 

y 

■  X  +  v 

cov(v)  •  V 

quadratic  Cost: 

j 

■  /(X*  +  gu2)  dt 

Kalman  filter: 

e 

X 

•  u  +  k(y  -  x) 

Optimal  Control : 

Kalman  Gain: 

u 

k 

a  1 

■  -  Xx  ,  x  ■  — 

_____  v  g 

■  vWV 

Equivalent  Describing  Function:  -7(5}  ■ 

-  -LVS 

vs  7 

J 

s 

+  JL  +  VS 

vg 

Equivalent  Remnant: 

V 

This  example  assumes  zero  time  delay  and  no  motor  noise,  The  measured 
data  Includes  u  and  y.  Hence,  the  describing  function  parameters  and  re¬ 
mnant  can  be  Identified  uniquely  from  data,  The  Identifiable  parameters  are 
V,  and 

Jl<V-  - 

v'g 

-  +VT  •  c 

✓7  7 


The  unknowns  are 


x  VT 
vr  •  7  •  v 


If  W  Is  exactly  known  to  the  human  operator  then  g  and  V  can  be  Identified 
uniquely.  However,  If  W  Is  not  known,  then  there  exist  two  sets  of  para¬ 
meters  with  the  same  describing  function  and  remnant. 
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Let  a  * 

1 

v'g" 

,  b 

■Vf 

1 

then 

a  +  i 

b  -  c 

and  ab 

■  d 

(a  - 

bi2- 

(a  +  b)2  -  4ab 

■  c2  - 

4d 

a  - 

b  ■  ± 

Vcz  -  4d 

a  ■  i 

h c 

±  V  cz  -  4d  1 

b  ■  i 

t 

h c 

;  Vez  -  4d  J 

The  two  solutions  i 

are 

M.  | 

■c 

1 

■  ? 

Vc2  -  4d  .  vj 

and 

|  |c  -  £  ^ 

-  4d, 

■  4d, 

V 

|  respectively 

If  c 

■  3  and  d  ■  2 

a  ■  i-  ■  2 

Vg 

or  1 

and  b  ■ 

Vf- 

1 

or 

2  respectively 

The  two  solutions  art 


.  vj  ■  j  2  ,  1  i  V  j  or  Jl  ,  2  ,  V 

This  simple  example  demonstrates  the  concept  of  non-unique  parameterlzatlons 
In  context  of  the  optimal  control  model  structure.  Unfortunately,  explicit 
solutions  of  the  Rlccatl  aquations  for  realistic  higher  order  models  Is  not 
possible;  (except  for  pathologic  cases)  consequently,  analytic  solution  of 
multiple  parameterlzatlons  for  a  given  set  of  data  cannot  be  provided. 

The  simple  example  considered  here  had  two  distinct  parameter  sets  cap¬ 
able  of  describing  available  data.  It  Is  conceivable  that  an  Infinite  number 
of  parameter  sets  could  exist  for  more  complex  models'.  An  example  would  be 
a  transfer  function  and  remnant  given  by 

^(*)  ■  $  +'p  q  “  s'  +“c 

remnant  ■  v 
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where  p  +  q  «  c  E  constant  corresponds  to  an  infinite  number  of  solutions  (p, 
q)  on  the  line  p  +  q  *  c.  Numerical  optimization  techlnques  for  parameter 
estimation  would  exhibit  extremely  high  variances  on  parameters  p  and  q.  The 
above  discussion  underscores  the  importance  of  understanding  the  structural 
identlflabllity  properties  of  a  given  model  structure.  However,  Identlfl- 
ability  Is  not  the  only  property  which  must  be  analyzed  during  model  develop¬ 
ment.  Another  property  of  the  models  Is  that  of  parsimony  or  degree  of  para¬ 
meterization.  An  Identifiable  model  that  Is  over-parameterized  can  also  lead 
to  difficulty  In  parameter  estimation  If  explicit  parameter  identification 
techniques  are  utilized  for  the  purpose.  However,  If  the  parameters  are  de¬ 
termined  by  the  heuristic  Iteration  process  with  the  human  Investigator  making 
Judgements  on  model  matching  accuracy,  then  a  solution  can  be  arrived  at  very 
easily.  In  fact,  the  quality  of  the  data  match  model  Is  not  adequate  for  pre¬ 
dictive  purposes.  Unfortunately,  the  word  "prediction"  Is  too  often  abused  in 
the  literature.  For  example,  SOCM  model  describing  functions  and  remnant  In 

k,  k/s  and  k/s2  tasks  are  referred  to  as  "predlctod  frequency  domain  measures" 
when  In  fact  they  were  obtained  after  trial  and  error  Iteration  on  the  para¬ 
meters  to  fit  measured  data. 

V.  ROCM  IMPLICATIONS  AND  ALTERNATE  OPTIMAL 
CONTROL  MODEL  STRUCTURES 

Identification  of  the  optimal  control  model  poses  some  fundamentlal  ques¬ 
tions  regarding  structural  Identlflabllity  and  parsimony  In  parameterization. 
Analytical  verification  of  SOCM  structural  Identlflabllity  Is  a  non-trlvlal 
task  although  general  results  concerning  the  problem  have  been  presented  In 
the  literature  [19].  The  problem  of  overparameterization  Is  less  complex  and 
techniques  exist  for  determining  the  subspace  of  parameter  redundancy  [20]. 

The  development  of  the  ROCM  complicates  the  overparameterlzatlon  problem  by 
allowing  additional  free  parameters  to  the  existing  SOCM  parameter  sets  namely: 
(1)  free  allocation  (unequal)  of  attention  levels  (f^,  fy2)  to  position  and 

rate  signals,  (11)  Introduction  of  two  motor  nolse's-pseudo  and  driving,  and 
(111)  loss  of  the  constraint  on  g  to  give  a  given  value  of  TN,  the  neuromus¬ 
cular  time  constant. 

The  neuromotor  system  rationale  for  selection  of  u^  term  In  the  cost 
functional  Is  no  longer  applicable  In  the  ROCM.  Rather,  the  term  Is  required 

to  generate  the  low  frequency  lag/ lead  component,  ,  in  the  human  des¬ 
cribing  function.  \  / 

The  ROCM  Is  not  the  only  modification  to  the  SOCM  that  Is  capable  of  re¬ 
plicating  the  low  frequency  phase  droop  In  the  human  operator  describing  func¬ 
tion.  As  shown  In  Section  3,  the  SOCM  with  a  modified  disturbance  model  also 
reproduces  the  low  frequency  desbrlblng  function  phase  characteristics.  Thus, 
one  or  more  model  formulations  may  be  capable  of  descrlblnq  all  of  the  avail¬ 
able  experimental  data.  The  ROCM  Introduced  the  concept  of  having  an  Internal 
model  that  Is  different  than  the  actual  representation  and  also  eliminated 
some  of  the  Invariance  properties  of  the  SOCM  across  varying  task  configura¬ 
tions  as  evidenced  by  the  Independence  of  the  fractional  attentlonal  alloca¬ 
tion  to  the  displayed  variable  and  Its  first  derivative.  Clearly,  this  opens 


360 


•  A1. 


r'wr:(  t  t  \l . 


•TVY '  WW!  5^e5firFiTC35!3^  ’ 


1 


up  possibilities  of  having  pseudo  and  driving  observation  noises,  the  former 
to  be  used  In  state  estimation  and  the  later  In  driving  the  system  response. 
However,  this  approach  sacrifices  the  most  attractive  aspect  about  the  SOCM, 
namely  the  relative  Invariance  of  some  of  the  parameter  selection  rules  across 
a  wide  range  of  manual  control  tasks. 

The  SOCM  and  ROCM  and  any  modifications  to  these  have  one  element  In  com¬ 
mon.  They  represent  specific  structures  within  the  general  class  of  optimal 
control  human  operator  models.  The  SOCM  Incorporates  a  fixed  set  of  assump¬ 
tions  In  1 ts  formulation,  an  Important  one  being  that  the  human  perceives  the 
first  derivative  or  rate  of  a  displayed  variable  In  addition  to  the  displayed 
quantity.  This  assumption  Is  not  necessary  to  describe  existing  laboratory 
data.  An  alternate  assumption  Is  to  assume  that  the  human  only  perceives  the 
displayed  variable  y  with  some  observation  noise  vy(cov  vy  ■  Vy).  The  remain¬ 
ing  optimal  control  model  parameters  we«"e  Iterated  until  a  "good"  fit  to  k, 

k/s  and  k/s2  data  was  obtained  as  shown  In  Figures  6-8  respectively.  The  re¬ 
sultant  alternate  optimal  control  model  parameters  are  shown  In  Table  III. 
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Figure  6.  MEASURED  AND  PREDICTED  FREQUENCY  DOMAIN  MEASURES, 
k  DYNAMICS  (Average  of  three  subjects) 
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FIGURE  7,  MEASURED  AND  PREDICTED  FREQUENCY  DOMAIN  MEASURES, 
k/s  DYNAMICS  (Average  of  four  subjects) 


Comparison  of  these  parameters  with  those  for  the  SOCM  In  Table  II  show  that 
the  principal  differences  are  In  the  values  of  the  observation  nolse/slgnal 
ratio  pu  for  the  three  tasks.  Differences  In  value  of  g  though  apparently 
significant  have  relatively  little  Impact  on  the  resulting  values  for  TN  (Note 

Tn  ■  0.707  g  ly^)  and  the  overall  crossover  frequency.  In  order  to  fit  the 

remnant  accurately  a  colored  driving  motor  noise  obtained  by  passing  white 
noise  with  covariance  VMD  though  a  first  order  filter  must  be  added  to  the 

control  Input  u.  This  motor  noise  filter  (1/TM*  +  l)  has  a  time  constant 

that  varies  with  the  plant  dynamics!  TM  ■  0.67,  0.25  and  0.1  seconds  and 

driving  motor  nolse/slgnal  ratio,  pMD  ■  -12,  -16  and  -30  dB  for  k.  k/s  and 

k/s2  dynamics  respectively. 

Another  modification  that  appears  promising  Is  in  the  formulation  of  the 
cost  functional.  The  SOCM  uses  a  quadratic  cost  functional  J  In  the  output 
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FIGURE  8.  MEASURED  AND  PREDICTED  FREQUENCY  DOMAIN  MEASURES 
k/s2  DYNAMICS  (Average  of  three  subjects) 


yector  y  and  control  rate  u.  For  the  k,  k/s  and  k/s2  dynamics,  the  following 
gost  expressions  are  considered  (refer  to  section  2.1  for  nomenclature): 

k  Dynamics:  J  *  [x32  +  g ( u* ) 2 ]  dt 

k/s  Dynamics:  J  ■  (x22  +  g(ii)2]  dt 

k/s2  Dynamics:  J  ■  [x22  +  g(u)2]  dt 

The  basic  Idea  Is  to  choose  the  order  of  the  u  derivative  that  results  In  an 

equivalent  type  2  loop  transfer  function  (i.e.  h#hc(s)  ;  ijp  g|~j-  ).  The  type 

2  system  Is  desirable  as  It  guaranties  zero  steady  state  trror  to  step  and 
ramp  disturbance  Inputs.  Figure  9  shows  the  describing  function  and  remnant 


■i 
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FIUURE  9.  MEASURED  AND  PREDICTED  FREQUENCY  DOMAIN  MEASURES 
k/s2  DYNAMICS  (Average  of  three  subjects) 


2 

match  to  the  k/s  data.  The  parameters  corresponding  to  the  fit  are  (No  rate 
perception) 

0  •  f  (x22  +  g  u2)  dt 

g  ■  0.0005 

Tn  ■  0.1057 

t  «  0.2 

py  -  -  20  dB 
pu  ■  -  25  dB 


TABLE  III.  ALTERNATE  OCM  STRUCTURES 
NO  RATE  PERCEPTION 


MODEL  PARAMETER 

k 

k/l 

k/i* 

CONTROL  RATE  MEIQHTINQ  « 

0.01 

0.0001 

0.0001 

MOTOR  TIME  CONSTANT  TN 

0.  MIS 

0.1017 

0.1077 

TIME  DELAY  1 

0.11 

0.17 

0.20 

MOTOR  NOI ll/SIONAL  RATIO  %  (d») 

•  II 

.20 

•  ») 

OBSERVATION  NOISE/SIONAL  RATIO  Ry  (4S) 

•  SO 

•  10 

•  40 

MEAN  SQUARE  OUTPUT  •  MEASURED 

0.1) 

0.1) 

0.014 

MEAN  SQUARE  OUTPUT  •  MODEL 

0.11 

0.114 

0.0104 

MEAN  SQUARE  OUTPUT  RATE  *  MEASURED 

4.1 

).l 

0.10 

MEAN  SQUARE  OUTPUT  RATE  *  MODEL 

11.01 

t.  so 

0.00 

MEAN  SQUARE  CONTROL  •  MEASURED 

0.1) 

4.2 

1.4) 

MEAN  SQUARE  CONTROL  -  MODEL 

0.127 

) .  41 

O.SS) 

"y 

mean  squared  output  x2  11  0.0084  (measured  *  0.014) 
mean  squared  output  rate  x^  >  0.1024  (measured  *  0.1) 

Note  that  this  formulation  has  a  higher  value  of  the  observation  nolse/slgnal 

ratio  py  as  compered  to  that  In  Table  III  where  u2  Is  used  in  the  cost.  This 

Is  not  consistent  with  the  remnant  data  below  w  ■  1.0  rad/s  where  the  nor¬ 
malized  remnant  Is  greater  than  -20  dB.  This  can  be  remedied  by  Introducing 
a  pseudo-observation  noise  with  the  nolse/slgnal  ratio  given  above  and  a 
driving  observation  noise  that  Is  negligible  (l.e.s  nolse/slgnal  ratio  ■ 

The  remnant  fit  requires  the  Introduction  of  a  motor  noise  filter  as  In  the 
previous  case. 


VI.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  results  In  this  paper  have  shown  the  existence  of  alternate  human 
operator  optimal  control  model  structures  capable  of  describing  standard  lab- 

boratory  describing  function  and  remnant  data  for  k,  k/s  and  k/s2  plant  dyna¬ 
mics.  The  alternate  optimal  control  model  formulation  with  no  rate  perception 
gives  rise  to  almost  negligible  values  for  the  observation  nolse/slgnal  ratio 
Tpu  ■  -  50  dB).  This  Implies  that  the  Kalman  filter  component  In  the  optimal 
control  model  can  almost  be  treated  as  a  Luenberger  Observer  or  state  recon- 
itructor  [211.  Further  Investigation  Into  this  possibility  Is  underway  and 
appears  promising.  Ultimately,  the  observer/optimal  controller  model  may  be 
further  reduced  to  a  lower  order  and  eventually  converge  to  the  classical 
describing  function/ remnant  human  operator  model. 
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In  summary,  the  optimal  control  modeling  approach  Is  an  attractive  con¬ 
cept  that  provides  a  valuable  tool  for  analyzing  Information  processing  and 
control  aspects  of  human  operator  behavior.  However,  It  Is  Important  to  con- 
t  nually  reexamine  established  tenets  to  avoid  further  embarassment.  A  ques¬ 
tioning  research  philosophy  where  a  given  experiment  Is  repreated  by  several 
Investigators  across  continents  is  standard  procedure  In  the  natural  scien¬ 
ces.  This  Is  possible  because  experimental  data  and  methods  are  well  docu¬ 
mented  for  archival  purposes,  Consequently,  Investigators  can  compare  results 
and  resolve  differences.  Such  an  approach  Is  reccorunanded  In  human  operator 
research  and  technology,  whereby  data  and  methods  would  be  systematically  do¬ 
cumented  and  stored  In  a  library  for  future  reference  and  reexamination.  This 
can  only  help  Improve  confidence  In  prevailing  methodology  and  models,  and 
remedy  obvious  drawbacks  early. 
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A  BTRUUTUKAI.  MUDKL  OK  THK  AUAl'TIVU  Ull HAN  P1I.OT 


Ronald  A.  Hess* 

Anil  Research  Contot,  NASA,  Hoffott  Field,  California 


A  compensatory  tracking  modal  ot  eh*  huMn 
pilot  1*  offered  which  ottiapti  to  provide  *  ooro 
loillitlo  rapresantatlon  o(  tho  human' a  signal 
processing  itruoturi  thon  that  which  Is  exhibited 
by  pilot  modeli  ourtontly  In  oio>  Two  (otturn  ot 
tno  oodil  distinguish  It  from  othot  repraaantatlona 
of  tho  human  pilot.  Pint,  proprioceptive  lnforma- 
tlon  (too  tho  tonttsl  itlok  ot  manipulator  oonstl- 
tutot  om  of  tho  major  feedback  patha  In  tho  modol, 
providing  feedback  of  vehicle  output  roto  duo  to 
oonttol  activity.  implicit  in  this  feedback  loop 
It  •  nedtl  of  tho  vohlolo  dynulto  which  lo  valid 
In  and  boyond  tho  ration  of  oreooovor.  laaond, 
orrovroto  information  to  aontlnuoualy  dtrlvad  and 
Indapondantly  but  lnttrnlttantly  eontrellad.  An 
output  injected  ronnant  modal  lo  offarad  and  quail* 
tatlvaly  justified  on  tha  baalo  of  provldlni  a 
moaaura  of  tha  of foot  of  Inaaouraelao  ouoh  aa  tlaa 
varlatlona  In  tho  pilot's  Intornal  modal  of  tho 
oontrollod  olamont  dynamic!.  Tha  data  from  experi- 
oantal  traoklni  taako  involving  flvo  different  con- 
trollad  alonant  dynamlso  and  ona  nonldaal  viawlni 
oendltlon  wart  matched  with  modal  gonoratad  dascrlb- 
Ing  funotlono  and  ronnant  power  apoatral  danoltlaa. 


Introduction 

tinea  tha  and  of  World  War  II,  flight  control 
ayotam  anglnoara  have  davotad  eonaldarabla  anargy 
to  obtaining  analytical  daaorlptlona  of  tha  procaaa 
by  which  tho  human  pilot  oxarto  control  over  an  air* 
craft  In  olooad-loop  tracking  taaka.  Tha  analytlaal 
taohniquaa  for  pilot  modeling  which  have  avolvad  In 
tha  intervening  yoara  have  tended  to  fall  Into  two 
eatagoriaa,  a  dichotomy  aha  rad  with  control  ayiteia 
daalgn  taohniquaa  In  general.  Theaa  are  tha 
ao*oallad  "claeaioal"  and  "modern"  approachaa.  Tha 
claoaical  approach  haa  lad  to  tha  development  of  the 
"eervo  nodal"  of  tha  human  pilot.1  In  thio  modal, 
a  oarvolika  operation  on  a  elngla  atimulua  (ayotam 
arror)  by  tha  pilot  la  hypothaaiaad.  Tha  modern 
approaoh  haa  yielded  tha  "optimal  control  modal"  of 
tha  human  pilot9  in  which  tha  pllot'a  dynamic  char- 
aatarlatica  are  likened  to  theaa  ot  an  optimal  atata 
aetinator  and  regulator ,  and  tha  pilot  lo  aeiumad  to 
oporata  on  a  vector  otimuluo  of  arror  gfli  error 
rata,  loth  of  thooa  modola  hove  their  particular 
aarleo  and  practltionaro  and  both  have  bean  applied 
to  olmllar  analyala/dailgn  problem  with  raaaonable 
auceaaa.  Theaa  application*  ranga  from  describing 
pilot  dynamiae  in  ilngle-axle  traoklng  taaka.1'9  to 
cockpit  diaplay  design,9'4  to  handling  qualitlaa 
iavaatigatloni, *•*  and  to  motion  cue  raaaaroh.7'* 

Daapita  their  rolativa  aucoaaaaa,  neither  tha 
aarvo  modal  nor  tha  optimal  control  modal  attampta 
to  daaerlbo  tho  underlying  atructura  which  contrib* 
utao  to  human  pilot  dynimloa.  Rather,  thaoa  modola 
hove  evolved  aa  expedient  maana  for  quantifying  tha 
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general  tranafar  and  performance  chareotei'iatlca  of 
the  human  pilot  in  apeaiflc  traoklng  taaka.  Follow¬ 
ing  tha  load  of  Smith, ’  Heeo1®  haa  attempted  to  pro* 
vide  a  more  aatiafaotory  structural  modal  of  the 
human  pilot.  Tha  iapatue  behind  tha  raaaareh  ot 
kofa,  V  and  10  and  that  reported  hare  ia  tha  convic* 
tion  that  a  pilot  modal  whleh  provider  a  more  real* 
latlo  rapraeentatlon  of  tha  aignal  preceding  atruc* 
tura  of  tha  human  pilot  will  alio  provide  a  more 
unified  thaoratleal  framework  within  whleh  to  intar* 
prat  a  variety  of  empirical  pilet/vahlcla  reaponaa 
phenomena.  The  particular  phenomena  to  bt  diacuaetd 
hare  will  include  tha  ability  of  tho  pilot  to  adapt 
to  different  vehicle  dynamiae  end  to  adapt  to  die* 
playa  of  varying  quality.  Aa  uead  hare,  "adaptation" 
rafara  to  tha  ability  of  tha  pilot  to  change  nil 
dynamic  charactarlatlca,  through  training,  to  cult 
tha  teak  at  hand. 

Tha  modal  which  la  the  subject  of  thla  paper  la 
an  outgrowth  of  tha  raaearoh  daaoribed  in  kofa.  1-11. 

A  block  diagram  rapraiantition  of  tha  modal,  aultahla 
for  daacrlblng  auch  alngla-ania  pilot  behavior  aa 
pitch  attituda  traoklng  in  tha  praaenee  of  atno* 
apharlo  turbulence,  la  ehown  in  Pig.  1.  While  the 
model  atructura  may  appear  more  complex  than  ether 
alngle*axli  pilot  repraaantatlona  auah  aa  tha  aervo 
modal,  it  will  ba  ehown  that,  given  tha  vehicle 
dynamite,  only  five  of  tha  nodal  paraaeteti  in  Fig.  1 
naad  to  bo  varied  for  the  modal  to  provide  a  raaeon- 
able  match  to  experimentally  derived  pilot  dynamic 
charactarlitlaa  for  a  variety  of  vehicle  dynomlca 
and  diaplay  conditlona. 

Thera  ara  two  faaturaa  of  thla  medal  whleh  dla- 
tingulah  it  from  uthcr  repraaantatlona  of  tha  human 
pilot.  Flrat,  propriooaptlva  information  from  tha 
aontrol  a tick  or  manipulator  oonetltutaa  ona  of  tha 
two  major  feedback  patha  in  tha  modal,  vlaual  (and/or 
aural  or  taatlle)  error  earning  constituting  tha 
other.  Thla  proprioceptive  information  la  uead  to 
provide  an  eetlncta  of  tha  rata  of  change  of  tha 
pertinent  vehicle  output  quantity  dua  to  pilot  con¬ 
trol  inputa,  a.g.,  an  aatlmata  of  aircraft  pitch 
rata  dua  to  longitudinal  atlck  Inputa.  Oaoond,  error- 
rata  Information  la  contlnuoualy  derived  from  vlaual 
(aural  or  tactile)  stimuli  and  ia  independently 
controlled.  Tha  control  la  net  oentlnuoua,  however 
(note  the  twitch  in  Fig.  1).  Ac  opposed  to  ether 
model!  which  utilise  continuous  error  and  error-rate 
information  to  eraata  a  desirable  epan*loop  transfer*- 
function1'9  (l.a>,  a  combined  pllot/vehlala  tranefar 
function  of  X/a  in  tha  region  of  croaaover),  tha 
modal  diacuiaed  hare  aaaumaa  that  arror  rate  is  con¬ 
trolled  Independently.  Thla  implies  that  tha  pilot 
ia  aaaantially  a  a ingla -channel  prooaaaor  in  terms 
of  information  dtrlvad  from  vlaual  (aural  or  tactile) 
aansors  and  that  ha  awitchaa  batwaan  arror  and  error- 
rata  control  during  tha  traoklng  talk.  Aa  will  ba 
shown,  arror  control  dominates. 


Modal  Specif lea 

The  modal  of  Fig.  1  haa  been  divided  into 
"central  nervous  system"  and  "neuromuecular  eyatem" 
compontnti ,  a  division  which  ia  intended  to  amphaalse 
the  nature  of  the  aignal  practising  activity  involved. 


PILOT  MOOIL  ' 

fig.  1  Itruotural  Mdtl  of 

lyitn  error  a(t)  U  prtatnttd  to  tht  pilot  vU 
«  dltplay  with  dynaaloe  Yd..  Th«  of  change 
of  the  diopUyod  orror  li  attuned  to  to  dorlvod 
(tot  ij(t) .  Tht  proeatt  of  dirivtni  trior  net  it 
aaauaed  to  mtiil  t  ooaputational  tiM  deity  of  ti 
taeonda.  Com  tint  Mint  K,  end  Ki  aultlply  tht 
tlintli  tj(e)  tad  L(t  -  T|>,  raapaetively.  Tht 
twitch  allowa  either  of  than  tM  aignala  to  bt 
utad  u  drlvlni  tlgnale  to  tht  remainder  of  tht 
•odtl.  in  thlt  ttudy,  the  ettlon  of  tht  twitch 
will  bt  pertMttrlitd  by  tht  variable  Pi,  which 
rapratantt  the  probability  that  tht  twitch  will  bt 
In  petition  1  (arror-rtta  control)  at  any  Inalane 
of  tlM.  A  central  tint  delay  of  t.  aaoondc  ie 
included  to  aooount  for  tht  tfftoti  at  laeanoltt  in 
the  vitual  (aural  or  tactile)  promt  earning 
tod),  Mtor  ntrva  conduction  liatt,  tta.  nit 
rlaultlni  algnal  u.(t)  provldtt  a  ooMtnd  to  a 
tinted-loop  eyelet  Sonneting  of  "pultlni  lo|io" 

Ypi,  a  Mdtl  of  tht  optn-loop  nturttnittultr  dynatlct 
of  tht  particular  liob  drlvlni  tht  Mnlpulatot, 

Yp_,  and  oliMntt  Y(  and  Y-  which  etui  ate,  at 
Itaat  opprexlMtaly,  the  a  cabined  tffttta  of  tht 
Mtolt  ipindlaa  and  the  dynaaioi  ataociaCtd  with 
hither  level  tl|Ml  prootttini.  A  eoltrtd  nalta 
null)  It  injaattd  at  tht  pilot 't  output  at 
raanant. 

lot  ut  look  at  each  of  tht  nodtl  tlmnit  now 
in  a  bit  mm  dtttll.  Tht  attuaptlon  that  trior 
rate  la  t  derived  rather  than  a  tanttd  quantity  it 
oonitrvaeivt  in  nature.  In  ttraa  of  vitual  ttlaull, 
ariuatnte  ttill  abound  at  to  whtthtr  action  in  the 
vitual  field  of  tht  huaen  it  perceived  "directly" 
at  a  priaary  piveltolo|leal  attribute  of  tht  vitual 
tyitan,  or  whether  it  it  inferred  or  it  t  calculated 
er  etcondary  attribute  band  on  eaaory  for  potl- 
t ion. 11  In  tent  of  tht  Mdtl,  tht  quiation  of 
dlrttt  vt  dtrivtd  rtta  input!  will  influence  tht 
Minltuda  of  tht  tlea  delay  «i,  l.t.,  for  direct 
rata  perception  t|  will  bt  ntillilblt,  whtrtat 
tor  dtrivtd  rate  intuit  t  ilgnlf leant  i|  My  bt 
iadiaattd.  linat.  here,  tht  itlaulue  t.(t)  otn 
bt  vicual,  aural  or  taetilt,  it  wac  attuned  that 
4j(t)  wea  a  derived  quantity.  A  claplt  nodal  for 
aurlt  rate  derivation  wac  offered  by  Netuer  tt  el.'* 


the  adaptive  huMn  pilot. 

in  the  fern  of  a  "dlffartntlal-dltplauaMnt"  nodal. 
At  a  c oncer vatlva  attlaatc  of  tht  aaapllng  delay 
ceeurrini  in  tuoh  e  nodal,  let  ut  uta  t|  •  0.2  etc, 
Tht  tlM  delay  t0  can  bt  broken  down  into  oonteit- 
uant  coapontnte,  at  Itatt  in  approxlMtt  fathion. 

For  vitual  ttiaull,  which  will  eonttitutt  the  nodel- 
ity  tor  tht  date  to  be  utllitid  later,  wt  hevt  tht 
tollewini  avtraio  velum11 


Latency  of  tht  vioual 
proccet,  tao 

0.071 

Motor  nerve  eonduetlon 
tint,  ttc 

0.0)0 

Otntral  proeoatlng 

0.0)0 

tine,  ttc 

0.1)1 

Tht  vtlut  r0  ■  0.14  too  vat  uttd  hart. 

A  ditouition  ef  appropriate  pul line  loaio  wat 
tarried  out  prtviouely  by  Httt11  and  will  not  bt 
dealt  with  htrt.  Thia  logic  it  uttd  to  itnarata 
the  pultlvt  control  behavior  evident  whan  tht  pilot 
it  fantd  with  hither  order  controlled  olonent  dyneit- 
let  tueh  at  K/e»  or  It/a*.  In  thlt  ttudy, 

Yp.  •  1.0.  Tht  fora  of  the  open-loop  nturoautoular 
dynamic!.  Yp.,  ie  band  upon  aleottoayotraa  neaeure- 
ntnte  repotted  in  kef.  li.  The  followini  valuta  of 
w.  and  (.  worn  taltetad  bated  upon  that  worki 
•  10  lad/toe,  (n  «  0.707. 

Tht  feedback  loop  in  Til.  1  involving  Y«  alone 
it  intended  to  rtprtttnt,  In  approxlMtt.  fathion, 
tht  feedback  activity  of  tht  Mttlea  tplndlta  in  the 
llab  driving  tht  Mnlpulctor  or  aontrui  ttlek.  for 
the  purpettt  of  thit  ttudy,  K|  •  1.0.  The  without 
charge  ttr  let  let  of  tht  cltMnt  Y«  era  vary  layer- 
tent  to  the  overall  Mdtl  dynaale  eharaottrittlei, 
at  will  be  ctan.  Tht  phytlologleal  touret  of  tuoh 
a  without,  if  it  inditd  cxltti,  it  unknown.  In 
taiittntt  it  pert  of  tht  haait  itruttural  hyptthttit 


f 


of  eh*  nodal.  From  a  function*!  » tend  point,  eh* 
autcio  aplndla  la  *  length  eranadueot  transforming 
lner*a«*l  In  oxtra-fuaal  nuicle  flb*r  langth  from 
*oa*  a*t  or  op*r*tln|  point  Into  «laetrlctl 
iapulaaa,  Anatoaicaliy,  tha  aplndlaa  *r*  In 
parallel  with  tha  extra-fusal  ffbara.  Onu  pos¬ 
sibility  la  that  tha  washout  charactarlat lea  ara  a 
consequence  of  th*  inttafuial  flbara  of  th* 

■plndl*  tracking  th*  low  froquenoy  ohan|*a  in  th* 
length  of  axtra-fuaal  flb*ro  In  eh*  agonlit- 
aecaionlat  auacl*  pair*  In  th*  limb  driving  th* 
atnipulotor.  A  n*caoe*ry  condition  for  auch  coac- 
tivation  of  auicl*  flbara  would  b*  conooaitane  coae- 
tivation  of  th*  aotor  flbara  which  inntrvat*  th* 
extra-  and  intra-fusil  flbara,  r**p*ctlv*ly.  Such 
a  ooactivatlon  ha*  b**n  docu**nt*d  by  phyaiologiata 
and  givan  th*  naa*  "aipha-gaaau  linkage."1* 

Tha  fora  of  th*  aliaane  Y,  la  aeauaad  to 
dapand  on  th*  ordar  of  a  a  topi  triad  nodal  of  eh* 
aontrollad-alaaant  dynaaiea  valid  in  tha  frequency 
range  where  Y»  •  Y,  *  1,0,  l,a,,  opan-leop  eroaa- 
ovar,  for  all  but  two  of  th*  controlled  alaaanta  to 
b*  stud lad  hare,  no  simplification  la  nacaaaary, 

In  general,  Y-(e)  *  Keh,  k  -  0,  el,  el,.  .  ,  ate,, 
where  f.  i*  an  approximation  to  ¥a  valid  in  th* 
region  of  open-loop  croaeover. 10, 11  Mot*  that 
adnlpuldtor  dynaalc  oharaatarlatUt  can  ba  luapad 
into  Y«.  Ividanca  aupporelng  eh*  hypothaela  of  a 
proprlooapeiva-ralatad  lntarnal  nodal  has  recently 
baan  offarad  by  Kaaaal  and  Wiokan*.1*  Tha  us*  of 
the  faocor  (*  +  1/Ta)«  in  Y„  (t,  *  T,)  nehar  than 
Haply  ah  was  found  to  bo  naoaeeary  to  aehitvo 
aeooptabla  doiorlbing  function  Mtohaa  with  axpari- 
aantal  data.  Tha  inclusion  of  thio  tarn  la  tanta- 
aount  to  laying  that  no  low  frequency  proctoolng  of 
■plndli  output  eakoo  plan  in  tha  higher  lavala  of 
th*  narvou*  ayatta.  only  oplndlo  output  itoalf  lo 
utlllaod,  aetonuieid  or  nagniflod  by  an  approprlata 
gain  Ki.  for  eh*  aaka  of  olapllaity,  Ta  •  T|  in 
all  chat  follow*,  Nota  that  in  th*  region  of  epan- 
loop  eroasovsr,  th*  algnal  u_(t)  la  an  aatlmata 
of  eh*  rata  of  change  of  tho  ientrollad-alonant 
output  dua  to  control  activity  ug(t),  excluding 
tho  oentrlbutloni  duo  to  dlaturbanca  d(t)  and 
raanant  1^(0.  Thus,  thla  loop  li  a  fora  of  rat* 
feedback  in  tho  modol, 

Tho  phyaUol  Intnrprotatlon  of  ronnant  da  panda 
an  th*  particular  pilot  aodol  with  which  it  1« 
accoolaead.  The  ccrvo  model  had  It*  origin*  in 
nonlinear  daicrlblng  function  theory,  and  raanant 
for  that  nodal  tend a  to  b*  thought  of.  indiod 
defined ,  a*  that  portion  of  th*  pilot'*  output  not 
linaarly  oorralatad  with  eh*  dlaturbanca.  Tha  tacit 
Interpretation  here  lo  that  raanant  ariaaa  fron 
nonllnaaritio*  and/or  elao  variation!  in  tho  huaan 
pilot.  In  eh*  optlaal  oontrol  aodol,  which  obvl- 
ouoly  hod  lei  origins  in  linear  optlaal  aitiaatlen 
and  control  theory,  ronnant  finds  to  b*  vlawod  in 
taraa  of  "obiarvatton  nolaa."  Hart  tha  Intarpraea- 
tlon  1*  that  all  observation*  which  eh*  pilot  nabat 
ar*  corrupt ad  by  white  nolaa.  This  la  not  to  say 
that  there  la  no  underlying  equivalent*  in  thaaa 
view**’  but  raehar  that  th*  phyaloal  interpretation 
of  ramant  la  ofun  daearalnad  by  th*  ganicl*  of  tha 
pilot  nodal  itaalf,  Thi*  i*  a*  it  should  bo.  In 
tho  nodal  of  rig.  1,  th*  pilot 'o  lntarnal  raprssan- 
tation  of  tha  eontrollsd-alaaint  dynaaiea  1*  hypoth- 
aalaad  to  fora  a  pivotal  part  of  tho  oqualiaatlon 
capability  of  th*  pilot,  Thuo,  inaceutaoloo,  luoh 
aa  tin*  variation*,  in  this  lntarnal  nodal  rapra- 
aaneation  can  ba  logically  ccnaldarad  a  prlaaty 
aoure*  at  raanant,  lurthamera,  thla  raanant  should 


bo  anonabla  to  raprotontatlon  aa  a  "procaaa  nolaa" 
in  that  it  la  intandad  to  account,  in  stochastic 
faahlen,  for  tho  affaeta  of  lapraela*  internal 
nodal  para** tar  last  Ion, 11  whatovor  th*  aoure*  of 
this  imprae talon.  Thua,  In  Fig.  1,  tho  remnant 
nu(0  la  shown  Injected  Into  tha  pilot's  output 
and,  as  such,  acta  aa  a  trua  procaaa  nolaa  in  tarns 
of  tho  vehicle  to  bo  controlled. 

With  tho  abovo  dlicutalon  in  mind,  two  hypeth- 
«*•■  will  bo  Mdt  regarding  th*  nature  of  thla 
injected  noil*.  Th*  first  hypathasla  mart*  that 
th*  variano*  of  i^ft)  seal**  with  tha  variano*  of 
tho  oyitoa  error  normalised  by  tho  aanlpulator/ 
controllad-alaaant  static  gain.  Thi*  Mina  th* 
variano*  of  th*  nolo*  ooaloa  with  oL/K* |Ya  (Jw|a, 
where  o|j  la  tha  variano*  of  tho  dflplayadVrror , 

Yq  (Jin)  lo  tha  display  dynamic*  (typically  a  gain) 
ana  K  is  th*  MnipuUtor/oontrollsd-al*Mnt  at* tie 
gain.  Th*  saaond  hypothadii  mart*  that  th*  pro¬ 
cess  nolaa  power  i*  attenuated  at  fraquanoiaa  beyond 
tho  bandwidth  of  tho  huaan  pilot.  Thio  limitation 
can  neat  easily  b*  accomodated  In  th*  nodal  by  con¬ 
sidering  n„(t)  to  b*  a  colored  nolaa  with  *  band¬ 
width  daterilnad  by  tha  position  of  tho  oloaad-loop 
nauroauaeulir  neda  ronta  of  th*  describing  function 
portion  of  eh*  pilot  aodol, 

Tho  tdu  that  th*  variano*  of  riytt)  ohould 
aeala  with  noraallaod  oyotta  error  aaana  that 
ia  not  aultlpUoatlv*  nolo*  in  that  it  doaa  not 
anal*  with  tha  variance  of  th*  algnal  lo  which  it  la 
added.  Th*  first  hypothesis  1*  based  on  tho  raaaon- 
able  supposition  that  gain-normal laid  ayataa-arror 
variance  la  a  iianaltlv*  indicator  of  arrora  In  tha 
pilot'*  lntarnal  representation  of  tha  controllad- 
a lament  dynaalcw,  Tha  aaaartion  that  tha  oontrol- 
Injaottd  raanant  variano*  asalaa  linaarly  with  thi* 
error  variano*  la  an  aaausptlon  to  ba  varlflad  on  tho 
bull  of  experiment.  Tha  aaeend  hypathaai*  aaana 
alnoit  aalf-avidantt  thara  oan  ba  no  algnlfioane 
affaati  attributable  to  lntarnal  aodal  error*  at 
frequencies  wall  bayond  th*  bandwidth  of  tho  oerue- 
tur*  which  contain*  tho  intornal  aodol,  1.*,,  tho 
pilot, 

Tho  aodol  for  tho  power  opootcal  density  of  tha 
injected  raanant  nu(t)  can  now  b*  given  to 

oj^  (l/Tj)* 

♦nnu(w)  -  P  '  ■  *  gTJT^TlT  Iw«  +  (l/TjTJT 

whir*  p  lo  a  coals  f aotor  to  b*  tapir leally  datar¬ 
alnad  and  1/T)  rapraaanta  tha  undamped  natural 
fraquanoy  of  tha  cloaad-loop  nauroauaoular  aad*  root* 
of  th*  doiorlbing  funetion  portion  of  eho  pilot 
aodol.  On  tho  bail*  of  raanant  data  tor  pure  gain, 
contrsllaJ-alaaant  dynaaiea,  a  value  of  p  ■  0,119 
waa  selected  via  th*  data  fitting  praeadur*  to  b* 
daocribod.  Thi*  value  wa*  than  usad  in  th*  raanant 
aodal  for  gii  tho  eontrollod-oloaont  dynaalc*  otudiod 
harain, 

ly  referring  to  Fig.  1,  on*  oan  aa*  that,  with 
tha  awitoh  in  position  1,  eh*  tin*  delay  for  arror- 
r«t*  tracking  to  t0  +  t|  •  O.ld  ooe.  Th*  nognitud* 
of  thio  delay  will  obviously  raault  in  a  ooapreala* 
batvaan  raipenalvansi*  and  ittbillby  for  tha  rat* 
tracking  loop.  Ilnoo  error  rather  than  arror-rat* 
tracking  will  pradoainat*  In  tha  aadal,  it  waa  fait 
that  th*  raaponaivanii*  of  eh*  srrer-rat*  loop  ohould 
Uka  precedence  over  relative  stability  character¬ 
istics,  Tharafora,  in  th*  data  fitting  proeadur*  ta 
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bt  daaerlbed,  thi  gain  Kg  will  be  made  au  Ut|i 
aa  poealble,  under  tha  elngla  eonatralnt  of  guar¬ 
anteeing  only  ebaoluta  etablllty  In  tha  rat*  track¬ 
ing  loop. 


Data  rtttlna 

An  enployad  ham,  tha  nodal  of  Fig.  1  will  ba 
a  "data  auwaty"  rathar  than  a  "prodlstlva"  nodal 
of  tha  huaan  pilot.  Ua  will  not  attanpt  to  aaka 
pradletlona  about  tha  bahavlor  of  tha  pilot/vahiela 
ayatan  undar  oituatlon*  which  hava  hot  baan  prevl- 
oualy  too tad.  Mara  "data"  la  Intandad  to  naan  tha 
frequency  dona  In  naaautaa  of  deaeublng  function 
and  remnant  powar  apaotral  danalty.  In  tha  avall- 
abla  experimental  data  to  ba  udlllaed  In  thd  fitting 
or  nauhlni  protadura.  tha  pilot  nodal  rannant  waa 
aaaunad  to  ba  Injectad  at  tha  pilot* a  Input  rathar 
than  hla  output.  Tharaforti  In  ordar  to  aonpara  tha 
axperlicntal  and  nodal  rannant  epaotra,  wa  will  uaa 
tha  output  Injected  raiment  nodal  Juat  dlaeuaaad  to 
obtain  aqulvalanc  Input  (error)  injected  apaetra. 
tat  ua  now  turn  our  attantion  to  auoh  a  data  Hatch¬ 
ing  procedure. 


Tha  following  paranetara  will  ba  at  our  dlc- 
poaal  In  varying  tha  fraquaney  donaln  clwraoter- 
latloa  of  tha  atruotura  of  Pig.  It  tha  galna  K*, 
Kg,  and  Kg,  tha  Una  oonatant  Tj ,  and  tha  arror- 
rata  control  probability  ?i .  Tha  ranalnlng  vari- 
ablaai  k.  K( .  Tj,  Tj,  wn,  t0,  tt  and  0  will 
althar  ba  obvloua  from  tha  tank  U.a.,  k  la  datar- 
nlnad  onoa  Yc  la  apaolflad)  or  ba  funotlona  of  tha 
forner  ftva  varlablaa,  a.g.,  Tj  ■  T(,  Tj  «  ftC-. 
wn.Ki.Ti)  or  almply  ba  hold  fined  at  anplrloally 
detarninad  valuaa.  Tha  daaialon  of  which  varlablaa 
to  vary  and  which  to  hold  fined  la  not  entirely 
arbitrary.  Tha  varlablaa  t0,  t»,  Cn.  wn.  K.  and 
to  aona  extant  p  are  Intended  to  ba  aerongly  ieo- 
norphlo  with  tha  phyaiology  of  tha  huttan  pilot,  at 
laaat  at  tha  laval  of  detail  pooalbla  in  tha  atruo¬ 
tura  of  rig.  1.  While  it  it  not  difficult  to 
inagina  rathar  anall  intartaak  varictlona  in  thaaa 
paranetara.  large  varlationa  are  aonawhat  laaa 
paletabla,  at  laaat  to  thla  author,  laid  another 
way.  one  ahould  not  ba  forced  to  cone  latently 
hypotheelte  25  to  502  varlationa  in  baalo  (aa 
oppoaad  to  "ef festive")  tine  delaya  or  open-loop 
neuroiaueeular  paranetara  In  ordar  to  Interpret  pilot 
raaponaa  phenomena.  On  tha  other  hand,  tha  varl¬ 
ablaa  KU1  Kg,  Ka,  F|  and  to  aona  extant  Tf 
rapraaant  tha  "central  preceealng"  part  of  tha 
atruotura  of  rig.  1.  Urge  varlationa  In  thaaa 
paranetara  from  teak  to  taak  are  certainly  not 
unraaoonabla. 


Ware  it  not  for  tha  axlatanoa  of  tha  twitch  in 
Pig.  1,  calculating  nodal  deeorlblng  funotlona  and 
rannant  apaetra  would  ba  a  ainpla  axarolaa  in  block 
diagram  algebra.  Tha  awitch  and  Ita  operation  form 
an  Important  part  of  tha  modal,  however,  and  repre- 
tant  a  aignlflcant  dapartura  from  tha  nodal  of 
Rate.  10  and  11.  Oivan  tha  modal  with  aona  fixed 
aat  of  paranetara,  tha  queetlon  to  ba  anawarad  lai 
what  daaorib Ing  function  Yn(Jiii)  and  arror-injaeted 
rannant  powar  apaotral  danalty  *nn((|(u)  would  ba 

obtained  by  making  apaotral  naaaurananta  of 
ui(t)  and  ed(t}  over  aona  fixed  run  length  with  tha 
awlteh  randomly  moving  batwacn  pooltione  0  and  1 
and  with  tha  probability  of  being  at  poaltlen  1  of 
p.T  To  anawar  thla  quaation,  ana  could,  of  courta, 
elmulata  tha  nodal  and  aotually  make  tha  maaaura- 
manta  uaing  typical  apactral  taohniquaa  auoh  aa  tha 


Peat  Courier  Tranaform.  However,  thla  would  ba 
conpu  tot  tonally  quite  oxpanelva,  particularly  elnro 
nany  auoh  rune  would  ba  required  to  aaloct  tin' 
proper  modal  parenatere  to  fit  tha  datn,  Uoneluur, 
lnatead,  tha  following  approximate  development , 
bat  u4(t)  and  aq(t)  rapraaant  tha  time  hletorlae 
of  modal  input  and  output  in  a  elngla  run  with  tha 
awltoh  operating  aa  Juat  deecrlbad.  Concentrating 
on  u4(t),  let  PUa(Jw,Pi)  rapraaant  a  apaotral 
naaauro  (Fourier  coefficient  or  powar  apaotral 
danalty)  of  uj(t).  expanding  Pu4()w, ?j)  in  a 
Taylor  aarlaa  about  tha  point  Pi  ■  Oi 


•Pu,(Ju,Pi> 

»u4<Jw*V  ■  PUj(3»*°)  +  """ft" 


P,afl 


»pt 


P?  +  H.O.T. 


F|"0 


Now  ainca  Pt  <  1  (for  tha  aaaaa  to  be  atudlad  hare 
Pi  *  0.21)  wa  can  write 


Pu4(Jw,Pi)*  PU4<Jw.O) 


»ru,(J«.Pi> 


,a0 


Further,  lat  ua  approximate 

trUA<)w.P|>  PuaOw.D  -  PugOwtO) 

— ^ -  *  t,,:T - 

P^O 

Tharafora,  wa  can  atata 


PU4(Jw,P  1)  *  U  •  Pi)Pu4O“i0)  +  P1PU4(Jw,l} 


For  afflolancy,  lat  ua  denote  tha  right-hand  cldc  of 
tha  aquation  above  aa  tPU4(Jw))\  dropping  tha  Pi 
notation  for  convenience.  Thua,  wa  hava 

F„,(Ju>  *  [rU4(Jw)]'  -  (1  -  PUPugdwiO) 


+  F|Fu4(Jw,l> 

A  aimilar  relation  can,  of  oouraa,  ba  obtained  for 

F.d(3w). 

Tha  Appendix  effara  a  ainpla  but  quantitative 
example  of  tha  quality  of  thia  approxlnatlor.  proce¬ 
dure,  Tha  Appendix  alto  Indicated  that,  In  tarma 
of  fraquaney  domain  naaaurea,  tha  ewltehing  opera¬ 
tion  can  ba  auocaaafully  paranatarlcad  by  tha  alngle 
quantity  F 1 .  Meaeurad  Pourlar  ceafticlanta  appear 
to  ba  relatively  InaeneUlva  to  tha  ninlnun  duration 
of  awltoh  eloaurt  for  a  range  of  valuaa  (0.1  to 
1,0  aac)  deemed  appropriate  for  tha  tracking  taaka 
to  ba  utillaed  hare. 


Now  with  a  cum  of  alnuaolde  dlaturbanoa,  tha 
nodal  deeoriblng  function  Yn(Juit)  which  would  ba 
naaaurad  in  tha  aingla  run  with  tha  awlteh  operating 
randomly  can  ba  approximated  aei 


VK> 


Ca4(Jwk) 


tCU4<J«k»' 


U) 


With  remnant  nld(t>  Injected  at  tha  dleplayad 
error  a4(t),  wa  have,  for  tha  powar  apactral  den- 
alty  of  tha  modal  output  at  fraquanolaa  wj 1 
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♦uUj(W)>  •  |Cug(JWj)|“  ■ 


♦nn. 


'i 


Cu4(Juj)  * 

cyB=jr 


M 


u*W 


T 


(so 


where  the  wj  occur  between  dioturbanee  frequeneiaa 
«h'***  Ou.(Juj)  »nd  C«  .(jut)  are  obtain  ad  by  aver¬ 
aging  their  valuta  at  (ha  oleturbanea  f rcquanclao  to 
either  a 14a  ot  uj.  With  raanant  i»u<t)  injected 
at  tha  nodal  output  wa  oan  writ a 

IdttUf(atj)]'  . 


of  A  and  B  (denoted  by  E( A] ,  g[B],  raapaetlvaly) . 
Valuaa  for  |E[A|/t[B]|  and  iE[A]/K[B]  corraupotut-; 
log  to  on  arbitrarily  largo  aaapla  alia  would  ba 
1.0  and  0*,  raapaetlvaly ■  Tha  aetual  valuaa  gtnor- 
atad  far  a  aaapla  alta  of  5,000  warai 

|gfgf|  "  lo«*‘|*[lBdkl]J  ■  1-oi 

Tha  axpraaalona  on  tha  right-hand  aldaa  of  Iqa.  (ft) 
and  (?)  art  aaan  to  provide  vory  oat la factory 
approxinatlona  for  euf  purpeeftt.: 


tl'0ue(i<»j>l1)' 


♦nnu(oj) 


CTmT 


0) 


Again,  tha  maaautad  power  apaotral  danalty  of  tha 
nodal  output  U4(t)  with  tha  twitch  In  operation 
oan  ba  apprnalnattd  aa 


♦uua(wj>  A  tftuujtwj)!'  (A) 


Ihuai 


tnn^Cuj) 


♦nny(uj) 

HOT — 


|i  +  Vp(jui)\s;duj)| 

- ITOTT* — 


(ft) 


Equations  (1)  and  (ft)  will  allow  ua  to  approxlaata 
tha  nodal  daaorlblng  tunoclona  and  arror-lnjaetod 
ronnant  power  apaotral  donaltlea  which  would  ba 
"naaaurad"  in  a  tingle  run  with  tha  ewltch  In. opera¬ 
tion  by  apaotral  naaauraa  obtained  with  tha  awitoh 
aithar  in  tha  0  or  1  poaitlon  for  tho  antira  run. 


Finally,  In  order  to  avoid  tha  ntoaaolty  of 
actually  waking  almulatlon  rune  to  obtain  tha  abac- 
tral  naaauraa,  tha  oomplox  nunbar  on  tha  right-hand 
oida  of  tq<  (1)  will  ba  axpraaaad  In  magnitude  and 
phaaa  form  aai 


where  Cu,(Juik)/Cej(Jwk)  la  now  aaroly  tha  alge- 
braleally’obtainad’axpraaalon  for  tha  model  tranafar 
function  with  the  awitoh  In  aithar  tha  0  or  1  poai¬ 
tlon,  fquatlona  (ft)  and  (?)  thua  allow  elmple  alge¬ 
braic  averager  In  the  frequency  domain  to  replace 
Fourier  tranaforaatlone  In  tho  tina  domain.  The 
accuracy  of  tho  ralationa  on  tha  right-hand  cldc  of 
Iqa,  (ft)  and  (?)  waa  appro lead  by  creating  two  rate 
of  aonplax  n unbare  A  and  ft,  whoea  raal  ana  imaginary 
parte  ware  randonly  oalaotad  from  a  population  with 
a  Oauaalan  diatrlbutlan  paataaaing  a  naan  of  0,1  and 
a  atandard  deviation  ef  unity,  laoh  tat  eontalnad 
9,000  aonplax  nuabera.  The  ''prltNd"  opera t Iona  on 
tho  nlddla  end  right-hand  aldaa  of  gqa.  (ft)  and  (7) 
ware  generaliaed  by  conelderlng  tha  axpaotad  valuaa 


J  fhe  valldity  of  the  approxfMtc  enalyata  Jutt 
deacribed  obviouaiy  depend!  upon  tho  validity  of 
Iqa,  (1)  and  (4)  and  tha  ralationa  vhlah  preceded 
than,  While  thoaa  ralationa  are  intuitively  appeal¬ 
ing,  at  laaat  to  tha  author,  they  have  not  bean 
rlgerbualy  actabliahad.  ThO  problem,  of  courao, 
atone  from  tha  toot  that  tho  fr-eel  prepared  hare  la 
fundamentally  nonatationary  in  nature  due  to  tha 
pretence  of  the  awitoh.  Tnt  archival  date  dealing 
with  human  pilot  dynamise,  on  tha  other  hand,  have 
been  obtained  doing  open tral  neaaurenont  techniques 
which  tacitly  aoaumc  that  tha  human  la  fundamentally 
atetionary  In  hie  tracking  behavior.  Thue,  one  la 
prarentad  with  eomathing  of  a  dllame  In  aetemptlng 
to  ralect  paramrtara  in  a  model  like  that  of  Fig.  1 
to  matoh  archival  data,  luftieo  to  aay,  tha  analy¬ 
tic  Juat  deaorlbtd  of fora  an  approximate  naane  of 
doing  thle,  Aa  will  ba  aeon,  the  nonatatlonary 
aapaota  ot  tha  modal  era  mitigated  by  the  that 
error  rather  than  arror-rato  aenerol  doninatee,  i.e. , 
tho  paranator  aelaetlon  procedure  to  tha  daeerlbed 
indleatae  Ft  j  0.2S  tor  all  tha  taake  rtudled. 

After  tha  remnant  toale  factor  p  «  O.llt  had 
been  obtained  on  tha  batla  of  ronnant  data  for  pure 
gain  dynamic r,  dtta  flta  for  tho  remaining 
control led-clamtnt  dynamite  end  nonideal  viewing 
condition  were  obtulnad  in  a  itreighti’orwnrd  manner. 
Flrct  a  particular  aot  of  experimental  dota  war 
aelaotad.  Thle  allowed  V.,  k,  Voj(Iw)  and  K  to  bo 
opacified  imedlately.  Next,  wlth  ehe  peranatara 
K, ,  to,  tj,  qn,  un  and  p  fixed  at  tha  valuaa  ahown 
in  tho  flrct  row  of  Table  1,  Pi  woo  aot  to  otto  and 
Ka  wet  aot  to  unity.  Next,  Tg  and  Kg  wore  varied 
until  tha  modal  daaorlblng  function  provldod  a  elote 
match  to  the  ohape  ef  tho  experimental  docoribing 
function  at  and  beyond  tha  erottovor  frequency. 

Naxt,  tha  value  of  Ki  eorraoponding  to  neutral 
oloaad-loop  atability  for  arror-rate  tracking  (with 
the  awitoh  In  tho  1  petition)  waa  found.  With  thle 
value,  t\  waa  Incremented  from  aero  until  tha  ahapa 
of  tho  low  frequency  model  deaeriblng  function 
matched  tha  data.  Tha  gain  K.  wot  than  adjuetod 
to  that  tha  0  dl  line  of  the  modal  deaeriblng  func¬ 
tion  amplitude  ratio  matched  tho  data.  In  all  of 
bhate  eacaa,  the  quality  of  tha  fit  waa  determined 
by  aye,  l.a.,  no  formal  numerical  criterion  woo 
tnployad. 

Once  Kg  and  Tg  were  talented,  tha  olootd-laop 
neurnuitcultr  made  root!  ware  available  and  the 
oontrol-inj noted  raanant  modal  waa  complete,  Tha 
orror-injaetad  ronnant  waa  calculated  ualng  lq.  (9) 
after  an  aoooptabla  daaorlblng  function  fit  woo 
obtained.  Thua,  no  Iteration  on  the  ronnant  model 
waa  nocctoary.  Tha  orror-lnjaotad  raanant  power 
opaeeral  danalty  waa  normalload  by  tha  experimental 
dloplayad-error  variance.  Of  touroa,  one  could  have 


"li'i  ... 


-  rimV  ■ 


373 


Table  1  filet  Model  parameter  values  ueed  to  ganarata  describing  functions  and 


raanant  power  spectral  densities  In  Pita,  2*7 


Controlled  •iaaant 

mmm 

. . . 

. . 

TG3TT 

pararnttr 

dynamics 

k 

*3 

fl 

Tl 

*1 

To 

*1 

‘n 

wn 

P 

K 

0 

11.1 

2.13 

2.0 

0,05 

5.0 

1.0 

0.14 

0.2 

0.707 

10.0 

0.119 

K/s 

1 

22.2 

3,42 

2.0 

0.05 

5.0 

1.0 

0.14 

0.2 

0.70? 

10.0 

b.Uf 

K/e! 

2 

24.2 

10.48 

10.0 

0,20 

2.5 

1.0 

0.14 

0.2 

0,707 

10.0 

0.119 

K/e(e  -  1) 

2 

If. 6 

21.6 

20.0 

0,20 

1.0 

1.0 

0.14 

0.2 

0.707 

10,0 

0.119 

K/e(e*  +  1.41s  r  1) 

2 

115.5 

15,0 

22.0 

0.20 

0,(5 

1.0 

0.14 

0.2 

0.707 

10.0 

O.llf 

1 

12.1 

2,52 

0.75 

0.25 

5.0 

1.0 

0.14 

0.2 

0.707 

10.0 

0.118 

ueed  the  model  to  generate  o* ..  This  would  have 
been  done  after  the  parameters  K?,  if,  K«,  Kli 
and  P|  had  been  eeleeted  and  In  an  iterative 
Manner  similar  to  that  employed  in  the  optiMl 
control  model  of  the  huMtn  pilot • 2  The  experlmen- 
tal  varlanee  was  used  for  two  reaaont,  First.  it 
obviated  the  iterative  computation  just  described) 
Second,  end  more  important,  error  varlanee  la  a 
redundant  Measure  of  model  accuracy  once  a  reaeon- 
able  fit  to  exp or lain tal  describing  function  and 
remnant  it  obtained. 

figures  a  through  7  show  the  model  generated 
and  experimental  describing  functions  and  remnant 
epaetral  densities  for  controlled  elements  with 
dynamise  of  V.  •  K,  K/s,  K/s«,  K/s(s  •  1), 

K/e(s*  o  1.414a  4  1)  and  K/s  with  12*  peripheral 
viewing.  Data  far  the  first  three  dynamics  were 
taken  from  kef.  2,  the  fourth  and  sixth  dynamics 
from  kaf<  If,  and  the  fifth  dynamite  from  Ref,  20. 
In  all  cases,  the  pilot's  display  was  a  CRT  screen 
and  system  error  was  presented  by  the  displacement 
of  a  moving  line  from  a  fined  reference  petition, 
Control  stick  dynamics  ware  negligible,  In  those 
aaeas  where  the  data  assumed  remnant  injected  into 
error-rate,  an  equivalent  error-injected  epectrun 
wee  calculated.  Note  that  for  remnant  representa¬ 
tion,  the  decibel  is  defined  as  10  •  log10(>), 

Table  1  summarises  the  model  parameters  ueed  to 
obtain  the  figures  using  the  sppremlMtlon  scheme 
Just  outlined.  The  dynaniot  of  the  first  tour 
controlled  elanente  are  identical  to  those  used  in 
Ref.  10  where  an  earlier  fern  of  the  pilot  model 
was  used  to  match  the  data.  In  each  can,  the  fits 
obtained  here  are  superior  to  those  of  Ref.  10,  and 
fewer  Model  paremttere  need  to  bo  verled  in  order 
to  obtain  these  fits  (eight  parameters  in  Ret.  10 
as  opposed  to  five  here). 
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fig.  2  Model  and  experimental  describing  functions 
and  injected  remnant  povar  epaetral  densities, 

K  controlled  element  dynamics. 
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Tf  «  K  (rii.  2).  The  model  and  experimental 
decerning  function  exhibits  the  first-order  lag 
aharaeterieties  one  would  expect  when  pure  gain 
dynamise  are  being  controlled.  Of  particular 
interest  is  the  model's  ability  to  match  the  low 
frequency  phase  lag  apparent  in  the  data.  The 
earlier  form  of  the  model  dlesuaead  in  Ret.  10  did 
not  provide  a  satisfactory  match  to  this  low  fre¬ 
quency  phase  data.  The  model  and  experimental 
injected  rernnt  spectra  are  quite  flat  in  the  fre¬ 
quency  tenge  ef  interest.  Aa  mentioned  previously, 
this  experimental  remnant  wee  used  te  obtain  the 
p  value  shown  in  Table  1. 

Tg  ■  K/e  (fit.  2).  Here  the  model  end  emperi- 
meatel  describing  {unctions  exhibit  the  pure  gain 


rig.  2  Model  and  experimental  deeerlblng  functions 
and  injected  remnant  power  epaetral  densities, 

K/e  controlled  element  dynamise. 


n<* 


374 


u,  rad/Mo 


Fig.  4  Nodal  and  experimental  deacrlbing  funetlona 
and  injected  remnant  power  apactral  danaltlea, 

K/a1  oont rolled  element  dynamic!, 


- MOBIL 


rig.  6  Nodal  and  axparlnantal  daacrlblni  function! 
and  injected  remnant  power  apactral  danaltlea, 
K/a(a*  +  1.414a  +  1)  controlled  clamant  dynanlca. 


u.  rad/tac 


Pig.  3  Nodal  and  axparlnantal  daaerlblng  funetlona 
and  Injactad  remnant  power  apaotral  danaltlea, 

K/a(e  -  1)  controlled  clamant  dynamite. 


charactariatica  aaaoctatod  with  rata  dynanlca. 

Again  note  the  aodal'a  ability  to  match  the  low 
frequency  phaee  lag  (or  phaae  "droop"}  In  the  data. 
The  remnant  match  la  particularly  Incarnating  in 
that  the  modal  la  Indicating  a  low-frequency  riaa 
In  remnant  power.  In  fact,  rathar  than  raaambling 
the  flret-ordar  prooaaa  auggaatad  by  lavialon 
at  el.,1'  the  remnant  look*  more  Ilka  that  offered 
by  fawi21 

*nnad<M)/°*d  "  a,°*  *  W“** 

Tha  ability  of  muaurad  r  a  want  apactra  to  exhibit 
ahapaa  not  amenable  to  daaorlptlon  by  a  flrat-order 


u,  rad/iac 


rig.  7  Nodal  and  axparlmantal  daaorlblng  funetlona 
and  injaotad  remnant  power  apactral  danaltlea, 

K/a  controlled  alamont  dynamlca  with  22*  peripheral 
viewing. 

procaaa  ha a  bean  noted  by  othar  raaearchera  In 
addition  to  Pew,  a.g.,  Jax,  at  al.22  However,  to 
tha  author* a  knowledge,  thia  lx  tha  firat  tlma  a 
model-generated  raamant  haa  exhibited  thaaa 
charactariatica. 

Yn  ■  K/a2  (fit.  4>.  Hera,  a  firat-ordar  lead 
la  evloent  In  ena  climbing  function  data.  Calcu¬ 
lation  of  tha  modal  tranafar  function  with  tha 
awltch  in  poaitlon  0  demonatrated  that  tha  lead  la 
attributable  to  tha  cloaad-losp  charactariatica  of 
tha  inner  feedback  loopa  in  the  modal,  not  to  the 
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error-rate  util  melon,  Tht  model-generated  remnant 
apoccrua  now  appears  atiru  I  Iku  h  flint pru- 
caaa,  Here ,  fur  tliu  f  I  rwt  liar,  nIkmII  lemit  ,IW  1 1  ril¬ 
ing  activity  la  involved  In  tho  model, 

P|  *  0.2  sa  Indicated  in  Table  I. 

V«  »  K/a(a  •  1)  (Fla,  1),  Tlia  una tabic 
dynamics  again  praclpltaea  a p pa rant  lead  equailea- 
iicn  in  Cha  nodal.  Again,  hovavar,  ehia  la  dua  to 
innat  loop  activity,  not  arror-rata  utlllaaeion. 

In  Rtf>  10,  tha  nodal  structure  had  to  ba  alto rad 
to  allow  (o«  actual,  onntlnuoua  error-lead  equalisa- 
tlon  to  natch  thla  data. 

Y.  ■  K/*(a2  +  l.tUa  +  1)  trie.  dl.  Thaaa 
dynauca  ara  intereetlng  la  that  they  raaaabla  a 
g/a*  plant  in  and  bayand  tha  ragion  of  croaaovai, 
taoond-ordar  apparent  load  aquallatelon  ia  avldant 
in  nodal  and  data,  Tha  nodal  aahiblta  acra  phaaa 
droop  than  tha  data,  but,  in  tenoral,  tha  dcaerib- 
Ing  (unction  (it  ia  quite  acceptable,  particularly 
ainca  ha(,  20  indicacaa  that  a  aubatantial  fraction 
of  tha  pilot'*  output  powar  vat  raanant  related. 

It  ahould  ba  noted  that  tha  effective  X/g* 
dynaaica  will  probably  induce  puloive  or  even 
lapuleiva  control  activity  on  tha  part  of  tha  pilot. 
Although  no  aantion  of . ouch  activity  waa  made  in 
Xaf.  20,  Jaa  and  Allan1’  found  that  axtramaly 
pulalve  control  aation  aecoapcniad  "double-lead" 
aquallaation  in  a  aerlaa  of  eeapentatory  tracking 
taaka  which  they  ware  studying,  Aa  nentionad 
previously,  puleive  activity  can  ba  included  in 
thia  nodal  and  la  diacuaiad  in  detail  in  Ref .  11. 

In  tarns  of  its  affect  on  modal  deaoriblng  function 
and  rannant,  tha  puleive  aetivity  associated  with 
this  task  will  quit*  likaly  lower  tha  apparent 
danplng  ratio  of  the  dosed  loop  nauroauaoulir  mod* 
roots.  This  would,  in  turn,  laprova  tha  high  fra- 
quanoy  raanant  and  describing  function  metehaa  of 

rig.  t. 

Coananto 

Aa  Table  1  Indicate*,  the  generation  of  tha 
raanant  powar  spectral  densities  and  the  various 
lags,  laads,  low  fraquancy  phaaa  droop!  and  changes 
in  high  fraquancy  phaaa  laga  avldant  in  the  overall 
nodal  describing  funstlen  u g/au  wera  obtained 
without  changing  the  fundamental  etructure  of  tha 
modal  or  tha  valuta  of  the  basic  dm*  delay* 

(ra,Tl),  open-loop  nauronuicular  eyitem  parameters 
(Cn,un  and  k]3 ,  and  modal  output  lnjectad  raiment 
acala  factor  p.  Tha  pilot's  adaptation  to  dif¬ 
ferent  conttollad-alamant  dynaaica  waa  accounted 
for  by  changes  in  tha  "lntirnal  modal"  of  thaaa 
dynamics,  as  reflected  in  changes  in  k,  and  changes 
in  tha  parameters  Kf,  XI,  Kg,  ?i  and  T]  primarily 
associated  with  Information  processing  in  thai 
portion  of  tha  modal  representing  higher  lavals  of 
the  central  nervous  system. 


Tha  experimental  describing  function  and  rem¬ 
nant  of  Pig.  7  correspond  to  experimental  conditions 
identical  to  those  which  yielded  tha  date  of  Fig,  2 
save  that  tha  display  waa  located  22*  off  the  pilot's 
foveel  axis  at  all  times.  Compering  the  describing 
functions  (both  model  end  experimental)  for  the 
peripheral  gg  opposed  to  the  fovenl  viewing,  one 
finds  en  increase  in  high  fraquancy  phase  lege  (or 
"effective"  time  daisy),  a  decrease  In  low  frequency 
phase  lege,  a  decrasaa  in  croaeover  frequency  and  a 
concomitant  increase  in  phaet  margin.  Comparing 


the  remnant  (both  modal  end  experimental)  for  the 
Iwt,  liiMkn  Seven  In  ii  Hlgulr  leant  luerettoe  In  l.iw 
I  i  ei|iie,u'y  l  eMimni  i>< •«,■>,  I  nr  tlm  prrlphninl  view  Inn 
came.  tempering  the  entries  In  tlir  annilit  nn.l  limt 
rows  nr  Table  1  imlluatea  tlutt  the**  ultangce  In  lit. 
model-generated  describing  function  and  rannant  In 
going  from  fovtal  In  peripheral  ir*  attributable 
primarily  to  reductions  In  tha  gains  K0  and  Kg 
and  an  Increase  in  tha  probability  of  tha  switch 
being  in  petition  1,  Pg .  Am  analyst*  of  each  of 
thaaa  faetoi*  shows  that  the  inaraaaad  arror-rata 
tracking  (hi)  li  responsible  for  tht  incraaaa  in 
low  frequency  remnant  powar  and  decrease  in  lew 
fraquancy  phase  lag.  Tha  dtcrtait  in  Kg  accounts 
for  702  of  tha  Incraaaa  in  high  fraquancy  phcca  leg 
(tha  raat  being  attributable  to  tha  incraaaa  in 
Ft ) .  Finally,  tha  dacraaia  in  eroitovsr  fraquancy 
and  inaraaaa  in  phaet  margin  la  dua  to  tha  dacraaia 
in  tha  gain  Km. 

A  batter  fit  to  tha  law  fraquancy  remnant  data 
could  hava  bam  obtained  by  allowing  |vd.(>)  I  * 
te  attenuate  ae  u  *  0,  line*  this  term  appear*  in 
tha  denominator  of  tht  taproaaion  for  tho  variance 
of  nu(t),  an  lnerttaa  in  control-  or  orror-injoettd 
remnant  power  would  odour.  Attenuation  of  tht  dis¬ 
play  gain  for  low  frtquonoloi  providoo  on  analytical 
saani  for  accounting  for  tha  experimentally  verified 
faqt  that  dtaplaya  which  era  viewed  peripherally 
offer  poor  low  fraquancy  arret  information. 11  Far 
tha  taka  of  ilmpliclty,  this  waa  not  dona  hare, 
however . 

Fitting  experimental  data  for  thla  paripharal 
viewing  experiment  would  be  if  little  more  than 
academic  Interait  wire  it  not  for  tho  fact  thet  tha 
changes  in  describe  p  function  and  raanant  juat 
described  hava  bean  shown  to  accompany  othar  experi¬ 
mental  atudiae  involving  degradations  in  display 
quality  such  ae  dtaplaya  with  "nonidaal"  quantised 
format!,  ate.22  Tactile  displays  can  often  be 
placed  in  this  category.  Recently,  Schmid  and 
Bekey24  conducted  tracking  experiment*  involving  an 
alactrotactilc  dlaplay.  One  of  thalr  primary  find'- 
Inga  we*  that  tha  particular  aliceroeanell*  dlaplay 
which  thay  utlliaad  Induced  ooneldarably  larger  high 
fraquancy  phaaa  lege  (or  effaetiva  tlm*  delays)  in 
tha  describing  functloni  of  tha  taat  subjects  ia 
compered  to  thoee  normally  found  in  vlauel  tricking 
with  ideal  display  formate.  Thus,  tha  nodal  param- 
eter  variations  invalvad  In  matching  data  for  tha 
pair  of  tracking  taaka  involving  fovaal  end  periph¬ 
eral  viewing  conditions  may  ba  useful  in  describing 
tha  manner  in  which  tha  human  adapts  eo  any  display 
degradation. 


This  paper  would  not  ba  complete  without  some 
speculation  regarding  the  arror-rata  tracking  ch*r- 
aotarietlca  of  the  model.  As  pointed  out  in  the 
Introduction,  the  general  fraquancy  domain  charac¬ 
teristics  of  the  human  pilot  havn  bean  found  to  ba 
very  aimiler  to  the  charauteriatlcs  which  a  proparly 
designad  compensator  would  exhibit  if  It  were  to 
perform  the  same  talk  aa  tha  pilot,  regardless  of 
whither  tha  compensator  oheraetariitlee  were  devel¬ 
oped  vie  cleeelcel  or  modern  techniques.  In  this 
context,  tha  role  of  the  ewitch  of  Fig.  1  it  unclear. 
Ae  employed  here,  error-rate  tracking  1«  not  necea- 
eery  to  creato  open  loop  tramfer  charecturlatlce 
which  e  designer  would  deem  deelreble.  This  ie 
accomplished  via  the  hypotheslrcd  proprioceptive 


feedback  loop*  of  Pig.  1.  Indeed,  arror-rat* 
tracking  dot*  nee  hive  *  li|nlflo«nt  effect  upon 
pilot  aodel  dynamics  In  end  beyond  the  region  of 
oroeeover . 

Thue,  faced  with  dealgnlng  a  companaator  to 
Maintain  a  controlled  element  at  aoma  equilibrium 
or  tria  point  in  the  preaance  of  diaturbencea  of 
known  apectral  chetactariatlsa,  error-rate  tracking, 
per  aa,  would  probably  not  enter  a  deaignar'a  mind. 
The  huaan  pilot,  however,  vlawa  the  control  problem 
froa  a  different  vantage  point  than  the  daaignar. 
flrat,  ha  operetta  in  the  time  doaeln  rather  than 
the  frequency  doaein,  Aa  a  coopanaator ,  hie  dynamic 
charaotarlatiea  era  aoaatlaea  subject  to  aignlfleent 
lntra-run  varlatlona.  Lapaea  In  attention  end 
occaaionel  control  ravaraala  can  have  a  dramatic 
of feet  upon  abort  tarn  tracking  perforaance  end 
atablllty,  aapaclally  with  higher  order  controlled 
element  dynaalee,  la  addition,  the  pilot  doaa  not 
have  the  luxury  of  knowing  the  praelae  epactral 
characteristic*  of  tha  diaturbanea.  All  of  thoia 
factor*  aaka  the  lndepandant,  albeit  intermittent, 
control  of  arror  rata  a  plauiibla  charactariatlc  of 
tha  annual  oentrol  problem,  Tha  apaciflo  logit 
which  would  eontrol  tha  ewltohlng  batwean  error  end 
error-rate  tracking  lo  claply  undetermined  at  thia 
tlae. 

rthally,  let  ua  note  tha  Interacting  poaei 
blllty  that  motion  ouaa  aay  be  tracked  in  inter- 
alttant  faahion  juae  aa  nonvaetlbular  error  rata 
hae  been  hypothaalaad  to  b*  hora,  Indeed,  a  vary 
pleuaible  theory  for  longitudinal  pilot-lnducad 
oeclllatloni  ha*  raoantly  bean  offarad  by  Smith18 
in  which  a  pilot  aodal  was  hypothaiiead  which  uti- 
lletd  ■witching  between  pitch  attitude  and  normal 
acceleration  tracking.  While  differing  consider¬ 
ably  in  detail,  Imlth'a  modal  and  tha  modal  dia- 
ouaaad  hart  era  in  eonaonanca  in  treating  tha  pilot 
aa  a  aingla-channal  prooaaaor  in  tarns  of  Visual 
(and/or  aural  or  tactile)  or  vaotibular  stimuli  and 
in  aanuning  that  error  rates  end  acceleration!  ere 
controlled  independently,  i,*.,  *■  variablaa  in 
ehalr  own  right, 

In  conclusion,  a  modal  of  tha  huaan  pilot  ha* 
baan  offarad  whlah  is  an  outgrowth  of  work  reported 
in  kata.  9-11.  Two  faaturaa  of  tha  modal  dis¬ 
tinguish  it  from  other  raprasantatlone  of  the  human 
pilot,  rirat,  proprlocaptivo  information  froa,  tha 
control  atiek  or  manipulator  constitutes  on*  of  th* 
major  foodbauk  path*  in  tha  modal,  providing  f tad- 
back  of  vehicle  output-rate  du*  to  control  aotivity. 
Implicit  in  thin  faodbaok  loop  la  a  nodal  of  tha 
vehicle  dynamics  valid  in  and  bayond  tha  region  of 
crossover.  Second,  error-rate  information  la 
continuously  derived  and  independently  but  inter¬ 
mittently  controlled.  An  output  Injected  remnant 
modal  was  offarad  and  qualitatively  Justified  on 
tha  basis  of  providing  a  aaaaur*  of  tha  affect  of 
inaccuracies  such  aa  elms  variations  In  tha  pilot’* 
internal  modal  of  the  controlled  element  dynamics. 

By  varying  tha  valuaa  of  only  flva  parameter*,  tha 
data  from  experimental  tracking  teak*  involving  five 
different  controlled  alrmant  dynamics  and  one  non- 
ideal  viewing  condition  wart  matched  with  modal- 
ganaratad  describing  functions  and  remnant  power 
spectral  densities,  These  model-generated  results 
wara  obtained  using  a  computational  scheme  which 
approximated  tha  dtacriblng  functions  and  remnant 
power  ipactral  densities  which  would  hava  baan 
obtained  ir  tha  medal  had  baan  physically  lmola- 
mentad  and  claaaical  apaetral  techniques  employed 


in  meaauraaant.  Tha  controlled  element  dynamic* 
varied  In  term*  of  control  difficulty  from  th*  non- 
daaandlng  K  and  K/s  dynamics  to  the  K/a(a  -  l) 
and  k/a(c2  +  1,414*  +  1)  dynamics  which  approached 
tha  limits  of  manual  control,  It  was  Indicated  tlmt 
th*  modal  charactariatlc*  which  resulted  from  mnU'li- 
lnx  tha  data  for  th*  peripheral  viewing  experiment* 
wara  qualitatively  similar  te  aaaaurtd  pilot  cltor- 
ictariatic*  for  a  variety  of  taoki  in  which  display 
quality  wa*  degraded. 


figure  8  la  a  simple  aodal  of  a  compensatory 
eontrol  cyctoa  involving  intermittent  ua*  of  arror- 
rata  information.  Tht  input  r(t)  conalats  of  tan 
unley  amplitude  sinusoids  with  frequencies  which 
at*  spaced  in  roughly  uniform  fashion  between  0.2 
and  14  rad/sae.  Itch  sinusoid  is  repeated  on 
integral  number  of  data  in  th*  selected  "run 
langth"  of  120  aae.  Th*  ayotsa  of  fig,  S  wa*  uimu- 
latad  on  a  digital  eosputar.  The  switch  operated 
in  rendoa  fashion  with  tha  fraction  of  tho  run 
longth  spent  in  position  1  (Pi)  equal  to  0.2  in  all 
eatts.  Three  different  minimum  durations  of  switch 
closure  wars  utlliaedi  Tc  ■  h.J,  l.o  and  S.O  arc. 
These  values  ancoapaeeed  minimum  clooura  durations 
deemed  scesptsbls  for  human  tracking  aotivity.  Th* 
Fourier  coefficients  Cu,(Jwk)  ot  tbs  signal  ug(t) 
war*  maasurad  at  each  of  tha  input  fraquancla*  wk 
with  tha  switch  in  epsrstlon.  in  addition,  the 
following  calculation  woa  performed i 

tCu4(Jwk)]’  •  (l-P1)CuJ(Juk,0)+  (P,)Cu4()W|,,l)  (Al) 

whar*  Cu<(Juik,i)  indicates  the  coefficient  naa- 
•urad  with  th*  switch  in  position  1  fot  the  entire 
run.  Table  2  shows  the  results  of  th*  simulation 
measurements  in  addition  to  tha  coefficients 
obealnad  by  gq.  (Al)  above.  Alio  lnoludod  ara  tha 
CUj(JWk'^  value*. 

It  wa*  found  that  for  tha  valuta  of  T,  uead, 
tha  minimum  duration  of  switoh  aloaura  has  no 
dominant  affaet  upon  lha  maasurad  coefficients. 
Variation*  in  tha  maasurad  coaffieianta  do  occur 
with  different  values  of  Te,  however,  than  var lo¬ 
tion*  wara  found  to  b*  primarily  due  to  tho  random 
•witching  activity  itacir.  Consequently,  tha  maa- 
eurad  coaffieianta  in  tha  table  hava  baan  obtained 
•s  tha  avaragaa  of  the  cosffielanta  maacurcd  with 
tha  thraa  value*  of  Te.  Aa  tha  table  indicate*, 
th*  truncated  Taylor  aariua  of  Bq.  (Al)  yield*  vory 


r(t)  *  tin  (uigt  +  *k* 


Fig.  8  Simplified  avitehlng  model 
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Input  Frequency  cuj^ukJ 
(measured) 


Table  2  Fourier  coefficient  calculations  (or  model  of  rig.  t 


°u4(J“k)]'  cusO"k'0> 

(mooaurod) 


cua<3«k.l> 

(measured) 


raaaonablo  approximations  to  tho  oaaaurad  coaf- 
( Iolanta  whan  switching  la  occurring.  It  alio  lndt- 
oataa  that  tho  (Witching  prooaaa  oan  ba  adequately 
paranatorliod  by  tho  ainglo  quantity  P),  tha  prob¬ 
ability  of  tha  awiteh  being  In  poiltion  1. 

Obviously,  thi«  exercise  with  a  alngla  simple 
nodal  waa  not  aaant  to  conatltuta  a  rigoroua  valida¬ 
tion  of  tha  Fourlar  coefficient  approximation  tech¬ 
nique  utlliaad  in  tha  naln  body  of  thla  paper • 

Rather  It  wa*  intandad  to  effar  quantitative  evi¬ 
dence  Ok'  tha  legitimacy  of  auch  an  approxlnatlon 
technique  whan  applied  to  a  modal  whloh  la  ganeri- 
cally  almllar  to  that  invaatlgatad  lu  tha  paper. 
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ABSTRACT 

Subjects  used  either  a  position  or  velocity  control  system  to  capture 
stationary  and  moving  targets.  For  stationary  targets,  capture  time  was 
found  to  be  linearly  proportional  to  Fitts'  Index  of  Difficulty,  log,(2A/W), 
for  both  types  of  control  system.  A  represents  the  inltiel  target  dispTacament , 
and  W  represents  target  width.  The  incremental  cost  in  capture  time  for  an 
Increase  In  the  Index  of  Difficulty  was  considerably  greater  for  the  velocity 
control  system.  Phase-plane  analyses  of  capture  trajectories  revealed  a 
sequence  of  submovements.  The  first  submovement  was  generally  slower  and 
more  accurate  than  subsequent  submovements.  For  moving  targets,  Fitts' 

Index  of  Difficulty  was  a  good  predictor  of  capture  time  with  the  velocity 
control  system,  but  not  with  the  position  control  system.  An  alternate  Index 
of  Difficulty  measure  is  proposed  which  explicitly  incorporates  a  vslocity 
factor. 


Fitts'  Law  (ref.  1)  etates  that  the  time  to  move  a  stylus  from  a  home 
position  to  a  stationary  target  is  proportional  to  an  Index  of  Difficulty, 
log,(2A/W).  A  is  the  distance  from  the  home  position  to  the  center  of  the 
target,  and  W  is  the  target  width.  A  similar  task  to  moving  a  physical 
stylus  is  to  require  a  person  to  manipulate  a  control  stick  in  order  to 
move  the  displayed  image  of  a  cursor  from  a  home  position  to  a  target  region. 

In  this  latter  situation  it  is  possible  to  vary  the  relationship  between 
the  control  stick  menlpulation  and  the  resulting  cursor  movement  by  introducing 
system  dynamics.  For  example,  Sheridan  and  Farrell  (refs.  2  &  3)  and  McGovern 
(ref.  4)  investigated  the  relationship  between  speed  and  accuracy  in  perform¬ 
ing  discrete  movements  with  remote  manipulators.  Jagacinski,  Hartsell, 

Ward,  and  Bishop  (ref.  5)  recently  found  that  Fitto'  Law  held  for  discrete 
movements  performed  with  a  velocity  control  system.  However,  the  incremental 
cost  in  movement  tims  for  an  increase  in  the  Index  of  Difficulty  was 
considerably  greater  than  for  a  position  control  system.  The  first  experiment 
in  the  present  study  was  designed  to  examine  the  details  of  movement 
trajectories  in  this  task  in  order  to  better  understand  the  movement  structure 
underlying  Fitts'  Law. 
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EXPERIMENT  1 


Four  subjects  used  u  position  control  system  and  four  subjects  used  a 
velocity  control  system  to  perform  discrete  movements  from  a  home  position  to  a 
stationary  target.  Subjects  primarily  used  wrist  rotation  in  order  to 
manipulate  a  joystick.  The  cursor  and  target  were  displayed  on  an  oscilloscope 
screen  1  m  from  the  subjects.  The  display  was  "inside-out"  so  that  movement 
of  the  joystick  to  the  right  resulted  in  the  target  moving  to  the  left  and 
the  cursor  remaining  in  the  center  of  the  oscilloscope  screen.  The  display 
thus  simulated  the  effect  that  would  be  obtained  by  centering  a  "viewing  window" 
over  an  external  stationary  target.  Gains  of  .418s  and  3.0°/s  of  visual  angle 
per  1°  of  control  stick  rotation  were  chosen  for  the  position  and  velocity 
systems,  respectively. 

The  cursor  consisted  of  a  single  19-cm  vertical  line,  and  the  target 
consisted  of  a  pair  of  9-cra  vertical  lines  that  appeared  randomly  to  the 
right  or  left.  The  targets  were  generated  from  a  factorial  combination  of  three 
amplitudes  (A  ■  48,  84,  and  147  mm),  three  target  widths  (W  *  3.00,  5.25,  and 
9.20  mm),  and"  two  directions  (right  and  left).  Two  criteria  were  used  for  de¬ 
fining  target  capture.  A  position  criterion  required  that  a  smoothed  estimate 
of  tha  cursor  position  remain  over  thn  target  for  350  ms.  A  position-plus- 
steadiness  criterion  additionally  r<.  piircd  that  a  smoothed  estimate  of  cursor 
velocity  remain  leas  than  .5#/a  over  the  350  ms  interval.  When  the  criterion 
that  wae  in  effect  for  a  given  trial  was  met,  the  trial  was  over  and  the 
cursor  and  target  disappeared  from  the  screen.  Subjects  were  instructed  to 
try  to  get  the  target  to  the  center  of  the  screen  and  make  the  screen  go  blank 
as  quickly  as  possible.  Tha  criterion  for  ending  a  trial  alternated  across 
days  in  an  ABBA  manner  between  the  position  and  position-plus-steadiness  criteria. 

Movement  time  was  measured  from  when  the  subject  began  to  move  the  control 
stick  with  a  velocity  of  2°/s  until  the  beginning  of  the  350  ms  capture  criterion. 
Subjects  received  216  trials  per  day  in  which  the  targets  were  presented  in 
random  order.  Subjects  approached  asymptotic  performance  by  Days  9-12,  and  the 
average  movement  times  for  these  days  are  shown  in  Figure  1.  The  slopes  were 
considerably  steeper  for  <:he  velocity  control  system  (278  ms/bit  for  the 
position  criterion;  240  mn/bit  for  the  poaition-plus-steadiness  criterion) 
relative  to  the  position  control  system  (169  ms/bit  for  ths  position  criterion; 

175  ms/bit  for  the  positlon-plus-steadinsss  criterion).  Secondly,  the  inter¬ 
cepts  were  considerably  higher  for  the  poaitlon-plus-steadiness  criterion  for 
both  control  systems. 

In  order  to  relate  these  effects  to  the  microstructure  of  the  movements, 
phase-plane  trajectories  were  examined  from  digital  magnetic  tape  recordings  of 
the  smoothed  cursor  position  and  velocity  sampled  every  5  ms.  Examples  of  phase- 
plane  trajectories  for  subjects  with  the  lowest  and  highest  peak  velocities  for 
each  of  the  two  control  systems  are  shown  in  Figure  2.  The  trajectories  generally 
do  not  resemble  the  straight  line,  parabolic,  or  spiral  shapes  that  one  would 
expect  from  linear  first  or  second-order  continuous  systems.  Rather,  the 
terminal  sections  frf  these  movements  usually  consist  of  a  succession  of  somewhat 
irregular  episodes  of  acceleration  and  deceleration,  and  these  episodes  may  be 
termed  "aubmovements . " 
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POSITION  CONTROL  VELOCITY  CONTROL 


four  subjects  ualng  a  valocity  control.  Opan  symbols  indicate  a  poaltion  cri¬ 
terion  and  solid  aymbola  indicate  a  posit ion-plus-ataadinaaa  criterion.  Tri¬ 
angles,  circlea,  and  squares  reapactlvaly  indicate  the  ahortaat,  intermediate, 
and  longest  movement  amplitudes,  A. 

In  order  to  quantify  these  apiaodes,  the  ending  of  a  submovement  was  defined 
as  occurring  when  1)  the  velocity  changed  sign  indicating  a  shift  in  movement 
direction,  or  2)  when  the  velocity  did  not  change  sign,  but  the  trajectory 
decelerated  and  then  reaccelerated  toward  the  target.  The  beginning  of  a 
aubmovement  was  taken  aa  the  end  of  each  previous  submovement.  Two  typea  of 
apiaodes  were  excluded  from  this  analysis  1  1)  aubmovementa  for  which  the 
relative  accuracy  (absolute  value  of  the  ratio  of  final  distance  from  the  target 
center  to  Initial  distance  from  the  target  canter)  was  graater  than  1.0,  and  were 
therefore  counterproductuvej  2)  aubmovementa  that  lasted  less  than  70  ms.  This 
latter  criterion  waa  neceaaary  in  ordar  to  axdude  system  noise  that  would 
otherwise  have  been  mistaken  for  aubmovementa  generated  by  the  subjects.  The 
former  criterion  eliminated  aubmovementa  away  from  the  target  and  occasional  gross 
overshoots. 


POSITION  CONTROL  SYSTEM  VELOCITY  CONTROL  SYSTEM 


POSITION  (mm) 

Figure  2.  Phase-plane  trajectories  of  four  movements  (A  ■  147  mm,  W  -  3.00  mm) 
for  each  of  four  subjects  using  a  position  criterion. 


Median  duration  and  accuracy  of  the  first  aubmovements,  as  well  as  second, 
third,  and  fourth  aubmovements  when  they  were  present,  are  displayed  in  Figures 
3  and  4  for  each  subject's  last  day  of  performance  with  each  of  the  two  ending 
criteria.  With  only  one  exception  (Subject  C,  position  criterion),  the  first 
submovement  medians  were  both  slower  and  more  accurate  than  the  medians  of 
subsequent  submovements.  This  dichotomy  is  extremely  marked  for  the  velocity 
control  system.  There  is  also  a  strong  correlation  between  the  duration  and 
log-accuracy  of  second,  third,  and  fourth  submovements  for  the  position  control 
system  (r  ■  .89  for  the  position  criterion;  r  -  .98  for  the  poaitlon-plus-steadi- 
ness  criterion).  This  strong  correlation  is  not  present  for  the  velocity  control 
system  (r  «  .38  for  the  position  criterion;  r  ■  .45  for  the  position-plus-steadi¬ 
ness  criterion) . 

Averaging  the  median  durations  and  log-accuracies  across  subjects,  the 
ratio  of  mean  duration  to  mean  log-accuracy  for  second,  third,  and  fourth  sub- 
movements  was  134  ms/bit  (position  criterion)  and  139  ms/blt  (posit ion-plus- 
steadiness  criterion)  for  the  position  control  system,  and  277  ms/bit  (position 
criterion)  and  247  ms/bit  (position-plus  steadiness  criterion)  for  the  velocity 
control  system.  These  ratios  are  within  three  percent  of  the  obtained  MT  slopes 
for  the  velocity  control  system.  For  the  position  control  syBlum,  these  values 
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are  about  80%  of  the  obtained  MT  (movement  time)  slopes  in  Figure  1. 

POSITION  CONTROL  SYSTEM 


POSITION  CRITERION  POSITTON-PLUS-STEADNESS  CRITERION 


ACCURACY 

Figure  3.  Median  accuracy  and  duration  of  eubmovaments  of  Subjects  A  (circles) i 
B  (hexagons),  C  (squares),  and  D  (triangles),  who  all  used  a  position  control 
system.  First  aubmovaments  are  open  symbols t  second  submovements  are  open 
symbols  with  a  vertical  line}  third  submovements  are  solid  symbols}  fourth 
submovements  are  solid  symbols  with  a  vertical  line. 

The  ending  criteria  seem  to  have  had  little  effect  on  the  overall 
medians  of  second,  third,  and  fourth  submovements,  and  the  effects  on  the 
overall  medians  of  first  submovements  were  not  consistent,  across  subjects.  The 
effect  of  the  position-plue-steadiness  criterion  in  raising  movement  times 
appears  to  be  primarily  due  to  the  presence  of  additional  submovements  rather 
than  to  a  change  in  submovement  structure.  The  average  of  the  individual  aub- 
ject's  median  number  of  submovements  to  the  beginning  of  the  330  ms  capture 
criterion  interval  was  2.1  (position  criterion)  and  3.1  (posit ion-plus-steadiness 
criterion)  for  the  position  control  system,  and  2.5  (position  criterion)  and 
3.0  (position-plus-steadiness  criterion)  for  the  velocity  control  system. 
Multiplying  the  number  of  submovements  by  the  average  of  second,  third,  and 
fourth  submovement  durations  and  subtracting  the  results  for  the  two  ending 
criteria  predicts  an  increase  in  movement  time  with  the  position-plus-steadiness 
criterion  of  180  ms  with  the  position  control  and  128  ms  with  the  velocity  con¬ 
trol.  These  values  are,  respectively,  53%  and  63%  of  the  observed  differences 
in  movement  times  in  Figure  1. 
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POSITION  CRITERION  POSITTON-PLUS-STEADINESS  CRfTERON 


ACCURACY 

Figure  4.  Median  eccurecy  and  duration  of  aubmovamanta  of  Subjacta  E  (circles), 
F  (hexagons),  0  (squares),  and  H  (triangles) >  who  all  used  a  velocity  control 
ayetam.  First  aubmovamanta  are  open  symbols}  second  aubmovamanta  are  open 
symbols  with  a  vertical  line*  third  aubmovamanta  ate  solid  aymbolsi  fourth 
aubmovamanta  are  solid  symbols  with  a  vertical  line. 


EXPERIMENT  2 


One  way  of  characterising  the  subjects'  task  in  Experiment  1  is  as  a  step- 
tracking  task  in  which  tha  target  width  is  explicitly  Indicated.  Experiment  2 
examined  an  analogoua  constant  velocity  ramp  tracking  task  in  which  tha  target 
width  waa  also  explicitly  indicated.  The  basic  question  of  lntsrest  was 
whether  Fitts'  Law  would  generalise  to  moving  targets. 

Tha  control  aystems  and  display  ware  the  same  as  in  Experiment  1.  Targets 
were  generated  from  a  factorial  combination  of  three  amplitudes  (A  ■  48,  84, 
and  147  mm),  three  targeta  widths  (W  -  5.25,  9.20,  and  16.10  mm),  three  velocities 
'V  -  0,  30.96,  and  54.77  mm/s),  and~two  directions  (right  and  left).  In  terms  of 
■■ureas  of  viaual  angle,  these  values  reapectivaly  correspond  tot  A  ■  2.75*, 

1°,  and  8.42*}  W  -  .30*,  .53*,  and  .92*}  £  ■  0*/s,  1.77*/s,  and  3.14*/e. 
argeta  with  non-sero  velocities  were  always  moving  toward  the  center  of 
i  oscilloscope  screen  at  the  beginning  of  a  trial. 


POSITION  CONTROL 


Figure  5.  Average  capture  times  vs.  Fitts'  Index  of  Difficulty  for  four 
subjects  using  a  position  control  system.  Triangles ,  circles ,  and  squares 
respectively  represent  the  smallest,  intermediate,  and  largest  target  width. 

The  basic  measure  of  performance  in  this  task  was  capture  time,  the 
interval  from  the  appearance  of  the  target  until  the  beginning  of  the  350  ms 
capture  criterion.  (Capture  time  is  the  sum  of  reaction  time  plus  movement 
time.)  Only  the  position  ending  criterion  was  used  in  this  experiment.  Sub¬ 
jects*  received  216  trials  per  day  in  which  the  targets  were  presented  in  random 
order.  By  Sessions  10-13,  subjects  approached  asymptotic  performance,  and 
average  capture  times  for  four  subjects  using  a  position  control  system  and  four 
subjects  using  a  velocity  control  system  are  shown  in  Figures  5  and  6.  The  data 
point  for  the  position  control  system  with  the  target  having  the  highest  velocity, 
largest  initial  displacement,  and  narrowest  width  is  omitted  because  subjects 
failed  to  capture  it  within  a  4-s  time  limit  on  50%  of  the  trials  it  appeared. 
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Figure  6.  Average  capture  times  vs.  Fitts'  Index  of  Difficulty  for  four 
subjects  using  a  velocity  control  system.  Triangles,  circles  and  squares 
respectively  represent  the  smallest,  intermediate,  and  largest  target  width. 


For  the  stationary  targets  (V  ■  0*/s),  the  capture  times  for  both  the 
position  and  velocity  control  systems  were  well  approximated  by  a  linear  func¬ 
tion  of  log2(2A/W).  The  slope  for  the  velocity  control  (264  ms/bit)  was 
considerably  steeper  than  for  the  position  control  (147  ms/bit),  which  agreed 
well  with  the  results  of  Experiment  1.  For  the  moving  targets  (V  -  1.77*/s 
and  3.14*/s)  a  linear  function  of  log2 (2A/W)  provided  a  reasonably  good  approx¬ 
imation  to  the  data  for  the  velocity  control  system,  with  the  slopes  becoming 
steeper  for  the  non-zero  velocities.  However,  for  the  position  control  system 
log2(2A/W)  was  not  a  very  good  predictor  of  capture  time  for  the  moving 
targets.  For  this  control  system,  thfe  Increase  in  velocity  had  little  effect 
on  capture  time  for  the  widest  target,  but  very  marked  effects  for  the  two 
narrower  targets.  Furthermore,  the  effect  of  the  initial  target  displacement, 
A,  did  not  appear  to  be  similarly  increased  by  the  Increasing  velocity. 
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One  possibility  for  a  new  Index  of  Difficulty  that  will  describe  these 
effects  is  the  equation: 

CT  -  c  +  dA  +  e(V  +  l)(i  -  1)  (1) 

—  —  —  —  w 

where  CT  is  capture  time  in  seconds ,  A,  V,  and  W  are  specified  in  degrees  of 
visual  angle,  and  c,  d,  and  e  are  regression  coefficients.  This  equation  was 
one  of  about  a  dozen  candidates  that  the  authors  tested,  and  it  has  a  number 
of  qualitative  structural  characteristics  that  correspond  well  to  features 
of  the  data.  As  in  the  expressslon  logj^A/W),  this  new  equation  also 
predicts  longer  capture  times  as  A  becomes  larger  and  W  becomes  smaller.  The 
lengthening  of  capture  times  arising  from  the  strong  interaction  of  target 
width  and  velocity  is  reflected  in  the  multiplication  of  the  (V  +  1)  and 

(4  -  1)  terms.  The  constant  "l"  is  added  to  V  so  that  even  when  V  *  0*/s  the  ef¬ 
fect  of  W  on  capture  time  will  be  maintained  in  this  representation. 

The  constant  "1"  is  subtracted  from  1/W  so  that  the  interaction  with  velocity 
will  be  minimal  for  the  widest  target  (1/W  ■  l.OB/0).  The  subtraction  of  "1" 
may  therefore  be  considered  as  a  fourth  fitting  parameter,  although  it  was 
not  varied  between  the  representations  for  the  position  and  velocity  control 
systems. 

The  success  of  this  new  representation  for  the  Index  of  Difficulty  is 
displayed  in  Figure  7.  The  variable  A  was  not  significant  for  the  position 
control  system,  and  so  was  omitted  from  the  predictor  aquation.  The  standard 
srror  was  around  .1  s  for  each  control  system,  which  is  relatively  small  in 
comparison  with  the  large  range  of  capture  times.  When  an  attempt  was  made  to 
use  Fitts'  Index  of  Difficulty  to  fit  the  capture  times  for  all  three 
velocities  simultaneously,  the  standard  error  was  approximately  .2  s  for  the 
velocity  control  system  and  .5  s  for  the  position  control  system. 


DISCUSSION 


In  summary,  it  appears  that  Fitts'  Index  of  Difficulty  ia  an  excellent 
predictor  of  capture  times  for  stationary  targets  with  either  a  position  or 
velocity  control  system.  In  attempting  to  understand  the  movement  processes 
underlying  this  relationship,  researchers  have  formulated  two  classes  of 
models.  One  class  postulates  a  unitary  pattern  of  convergence  toward  the 
target;  the  other  class  postulates  a  dichotomous  convergence  pattern.  The 
analysis  of  submovement  accuracy  and  duration  in  Experiment  1  indicates  that 
the  first  submovement  is  quite  different  from  subsequent  submovements.  This 
finding  rejects  models  of  the  first  class  such  as  the  simple  discrete  sub- 
movement  models  of  Crossman  and  Goodeve  (ref.  6)  or  a  continuous  second-order 
underdamped  linear  system  model  of  discrete  movement  (ref.  7).  Both  of  these 
models  posit  constant  accuracy  and  constant  duration  across  submovements. 

Keele  (ref.  8)  proposed  a  model  very  similar  to  that  of  Crossman  and  Goodeve 
(ref.  7),  the  major  difference  being  that  the  first  submovement  was  assumed  to 
be  of  shorter  duration  than  (but  of  aqual  accuracy  to)  subsequent  submovements. 
This  model  can  also  be  rejected  for  the  present  data.  Other  investigators  such 
as  Walford  (ref.  9)  who  have  posited  a  strong  dichotomy  between  first  snd 
subsequent  submovement s  have  generally  hypothesized  that  the  first  submovement 
1b  open-loop  and  subsequent  submovement s  ere  under  feedback  control.  Although 
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Figure  7.  Average  capture  timee  replotted  vs.  modified  Indices  of  Difficulty. 
Triangles,  circles,  and  squares  respectively  represent  target  velocities 
of  0#/s,  1. 77‘Vs,  and  3.14°/s. 

the  present  data  are  insufficient  to  establish  concluslvsly  the  use  of  open 
or  closed-loop  control,  the  relatively  long  durations  of  the  first  submovements 
suggest  that  they  may  not  be  open-loop. 

In  general,  the  overall  duration  and  accuracy  of  a  movement  will  be 
equal  to  the  sum  of  the  submovemant  durations  and  the  product  of  submovement 
accuracies.  The  accuracy  of  a  submovement  is  taken  to  be  the  absolute  value 
of  final  distance  from  the  target  center  to  initial  distance  from  the  target 
center.  Accuracies  must  be  logarithmically  scaled  to  represent  their 
concatenation  additively.  In  that  2A/W  or  equivalently  A/(W/2)  is  the  Inverse 
of  the  accuracy  of  the  overall  movement,  Fitts'  Index  of  Difficulty  provides 
such  a  log-accuracy  scale.  The  time  course  of  a  movement  can  thus  be  traced 
out  in  the  movement  time  vs.  log-accuracy  space  of  Figure  1,  each  submovement 
adding  an  increment  of  time  and  adding  an  increment  of  log-accuracy.  If 
one  Ignores  speed-accuracy  variations  among  the  first  submovements  for 
different  targets,  then  a  sufficient  condition  for  generating  a  set  of  movement 
times  obeying  Fitts'  Law  1b  that  the  ratio  of  duration  to  log-accuracy  be  constant 
for  second  and  subsequent  submovements.  The  submovements  for  the  velocity 
control  system  approximately  satisfy  this  condition  and  the  ratio  of  mean 
duration  to  mean  log-accuracy  of  the  second,  third,  and  fourth  submovements 
gives  an  excellent  estimate  of  the  overall  movement  time  slopes.  This 
simple  means  of  estimating  the  overall  movement  time  slope  is  somewhat  less 
accurate  for  the  position  control  system. 
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For  moving  targets,  Fitts'  Index  o£  Difficulty  is  a  good  predictor  of 
capture  times  for  the  velocity  control  system,  but  not  for  the  position  control 
system.  The  new  Index  of  Difficulty  which  represents  the  interaction  of 
i  |  velocity  and  target  width  is  a  better  predictor.  However,  this  new  predictor 

;  i  is  still  merely  an  approximation  to  the  pattern  of  capture  times,  and  it  may 

be  possible  to  design  even  better  predictor  equations.  Submovament  analyses 
have  not  been  conducted  on  the  capture  trajectories  for  the  moving  targets, 
so  no  additional  data  are  available  as  to  the  basis  of  the  interaction  of 
width  and  velocity. 

IF- 

r 

The  authors  are  hopeful  that  the  Indices  of  Difficulty  discussed  in 
the  present  paper  will  prove  useful  in  modeling  tasks  that  are  composed 
of  a  mixture  of  target  acquisition  and  continuous  tracking  tasks.  However, 

\  additional  research  may  be  needed  on  the  interfacing  of  the  equations  predict- 

1  lng  the  achievement  of  target  capture  and  continuous  tracking  models 

1  describing  subsequent  following  performance.  The  philosophy  behind  such  an 

overall  modeling  effort  would  be  that  the  correction  of  large  tracking  errors 
and  small  tracking  errors  require  separate  descriptions  rather  than  being 
approximated  by  a  single  control  strategy.  This  dichotomy  may  be  analogous 
to  the  dichotomy  observed  between  first  and  subsequent  submovements. 
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MULTI -LEVEL  AMD  MULTI-TASK  SUPERVISORY  CONTROL 

Dan*  R.  Yoerger,  Bataan  Daryarian  and  Thomas  B.  Sheridan 
Massachusatts  Xnstltuta  of  Technology,  Cambridge  MA  02139 

ABSTRACT 

This  papar  ravlaws  recant  experimental  raaaareh  on  a  NASA  program 
oonoamad  with  aircraft  pilots  as  supervisory  controllers.  In  one  study 
a  simulated  YC-1S  is  flown  over  a  course  changing  in  altitude  and  position 
with  an  without  turbulence,  four  different  control  modes  are  compared i 
(1)  pitoh  rate/  roll  rate  and  horiaontal  thrustj  (2)  pitch/  roll  and 
horisontal  velocity  set  points i  (3)  vertical  speed/  heading  and 
veloeity  set  pointsi  (4)  altitude/  x-y  position  and  velocity  set  points. 

A  variety  of  performance  measures  including  error  control  aotivity  and 
subjective  workload  rating  suggest  that  (3)  is  better  than  (2)  and  (2) 
than  (1) /  but  (4)  is  not  better  than  (3) .  In  considering  transient 
"switch-down"  of  modes  in  the  event  of  failure,  (3)  appears  best  to 
switch  from,  and  (1)  to  switch  to. 

In  a  second  experiment/  a  subject  is  given  a  variety  of  tasks  to 
do  having  varying  arrival  times,  importances/  durations,  distances  from 
a  deadline,  and  switching  delays.  He  must  allocate  his  ons-channel  of 
control  to  these  tasks,  somstimas  ignoring  soma  tasks  to  do  the  most  im¬ 
portant  ones.  Me  have  formulated  some  hypothesis  about  how  mental  work¬ 
load  bears  a  non-monotonic  relation  to  "task  loading"  in  such  a  situation 
(after  the  Ph.D  research  of  our  colleague,  Tulga)  and  are  testing  this 
hypothesis  using  a  multi -dimensional  saaling  technique. 


HOW  TO  TALK  TO  A  ROBOT  MANIPULATOR 


Thurston ,  L.  Brooks  and  Thomas  B.  Shsridan 
Massachusetts  Institute  of  Technology,  Cambridge  MA  02139 

abstract 


In  the  MIT  Man  Machine  Systems  Lab.  we  have  developed  a  seven-degree- 
of-freedom  remote  manipulator  capable  of  being  controlled  in  a  range  of 
modes.  Conventional  modee  inoludei  (1)  force-reflecting  master  slave; 

(2)  variable  rate  joystick;  (3)  position  within  a  spatial  envelope  and 
rate  outside  that  envelope.  Simple  supervisory  modes  includst  (4)  con¬ 
tinuous  trajectory  teash-play  back,  taught  by  any  of  (1)  (2)  (3);  (5)  point- 
to-point  teach  -  playback;  (6)  smoothed  point-to-point  teaoh  -  playback. 
"Smart"  supervisory  modes  inoludei  (7)  concentration  of  previously 
defined  sub-routines  (8)  branching  based  on  externally  sensed  force; 

(9)  teach  in  one  manipulator  configuration,  initialise  and  playback 
with  an  arbitrarily  different  manipulator  configuration.  Experiments 
comparing  performance  in  these  modes  independently  and  in  combination  are 
reviewed.  Applications  to  deep  ocean  tasks  will  be  discussed. 
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A  TACTUAL  AID  FOR  THE  VISUAL  APPROACH  * 


Sheryl  L.  Chappell  ** 
Richard  D.  oilson 

The  Ohio  State  University 
Department  of  Aviation 
P.  0.  BOX  3022 
Columbus,  Ohio  43210 


The  subtle  visual  approach  information  from  the  runway  scene 
was  supplemented  in  this  study  by  heads-up  tactual  or  visual  displays  of 
airspeed  and  glide  path  error.  It  was  anticipated  that  the  taotual 
presentation  would  greatly  enhance  novice  pilot's  learning  of  the 
relationships  between  the  visual  transformations  in  the  runway  en¬ 
vironment  and  aircraft  control  during  the  visual  approach.  Novice 
pilots  flew  simulated  visual  approaches  to  landing  in  a  ground 
based  trainer.  The  experimental  tasks  during  training  and  subse¬ 
quent  testing  were  aontrol  of  both  airspeed  (pitah)  and  glide 
angle  (throttle) .  Performance  was  measured  during  the  initial 
training  and  during  test  approaches  (where  no  displays  ware  present) 
following  each  training  session.  The  subjects  in  the  display 
groups  received  one  of  the  four  combinations  of  visual  and  tactual 
displays  for  pitch  and  throttle,  with  no  verbal  assistance.  There¬ 
fore,  an  additional  aontrol  group  received  only  verbal  assistance 
(no  displays)  during  training  and  no  such  assistance  during  testing. 

Results .purine  the  training  periods,  performance  with  the 
visual  display  of  pitch  information  was  significantly  better  than 
performance  with  the  tactual  pitch  display.  Throttle  error  did 
not  vary  for  the  two  groups  during  the  training  periods. 

In  contrast  to  the  results  obtained  during  training,  the  group 
who  received  taatual  pitah  error  information  performed  both  pitch 
and  throttle  aontrol  tasks  significantly  batter  than  the  visual  group 
without  the  presence  of  any  displays.  Testing  for  the  group  who  had 
verbal  instruction  showed  that  their  performance  either  equaled  (for 
pitch)  or  exceeded  (for  throttle)  that  of  the  display  groups. 

*  This  work  was  accomplished  under  contract  (#  NAS  2-8954)  from  the 
National  Aaronautias  and  Space  Administration,  Ames  Research 
Canter,  Moffett  Field,  California  94035. 

**Now  affiliated  with  the  Battalia  Memorial  Institute,  Colunbus, 

Ohio* 
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Conclusions,  Under  the  conditions  of  this  experiment,  visual 
perceptual  learning  of  the  approach  to  landing  task  is  more  greatly 
facilitated  by  training  with  heads-up  tactual  rather  than  visual 
displays  of  the  same  information.  Secondly,  ample  verbal  assistance 
by  itself  yields  a  training  advantage  over  either  display.  Verbal 
instruction  together  with  the  taatual  display  of  aontrol  information 
during  the  approach,  appears  to  be  the  best  combination  of  techniques 
tested  to  improve  the  conventional  training  for  the  visual  approach 
to  landing. 


Introduction 

The  objeotlve  of  the  study  was  to  examine  the  sense  of  touch 
as  a  means  of  transmitting  control  information  to  aid  the  peraeptual 
learning  for  the  visual  approach  to  landing. 

information  for  the  visual  approaoh  comes  from  subtle  changes 
in  the  runway  scene  and  the  aockpit  instruments.  It  is  known  that 
learning  to  utilise  the  outside  visual  information  is  diffioult 
for  most  pilots.  Past  research  has  shown  that  using  other  senses 
for  information  can  reduce  visual  workload  (Kahnaman,  1973) >  this 
study  was  designed  to  esqplore  the  possibility  of  providing  taatual 
control  information  to  aid  the  learning  of  the  subtle  visual  cues. 
Heads-up  tactual  and  visual  displays  were  compared  as  training 
aids. 


The  visual  approach  to  landing  has  two  major  task  components, 
control  of  the  aircraft's  airspeed  and  its  glide  angle  to  touch¬ 
down.  information  from  outside  the  cockpit  for  airspeed  aontrol 
comes  mainly  from  the  attitude  of  the  aircraft's  nose  relative 
to  the  horison.  Airspeed  corrections  are  made  by  altering  the 
pitch  with  fore/aft  movement  of  the  control  yoke,  outside  in¬ 
formation  for  the  glide  angle  is  more  subtle.  Pilots  use  the 
apparent  shape  of  the  runway  as  it  changes  from  a  rectangle  to  a 
t rapes© id  during  the  progression  of  the  approaoh.  Also,  the  pro¬ 
jected  point  of  touchdown  will  remain  stationary  in  the  center  of 
an  expanding  optic  array  (Gibson,  1955) .  Glide  angle  corrections 
are  primarily  made  by  fore/aft  movement  of  the  throttle. 


Precise  taatual  feedback  of  aontrol  errors  does  not  visually 
interfere  with  outside  visual  cues.  More  importantly,  tactual 
aontrol  information  may  facilitate  perceptual  learning  of  the 
use  of  these  cues.  The  relationship  among  information  received 
from  the  runway  environment,  airspeed  errors,  and  glide  angle 
errors  may  be  more  readily  learned. 
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Methodology 


Apparatus.  The  airoraft  simulator  was  a  singsr  oat-1  motion- 
based  trainer  with  an  interactive  visual  simulation  of  the  runway* 
The  appearance  of  the  runway  changed  when  the  aircraft  approached# 
as  a  function  of  the  angle  and  distanae  along  the  glide  path. 

Heads-up  tactual  and  visual  displays  presented  airspeed 
(pitch)  and  glide  angle  (throttle)  errors.  The  taatual  display 
unit  has  a  movable  servo-controlled  slide  embedded  in  the  control 
handle  (Figure  1) .  when  the  slide  is  in  the  flush  position  no 
error  exists. 


Kinesthetic-tactual  display  depicting 
a  servo-controlled  slide  embedded  in 
a  control  stick. 
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The  slide  is  driven  in  the  direction  of  the  error.  Control 
response  in  that  direction  corrects  the  error  and  therefore, 
the  elide  returns  to  the  neutral  position.  Both  kinesthesia 
and  touch  are  used  to  detect  the  protrusion  or  recession  of  the 
slide,  relative  to  the  control  handle.  This  display  has  been 
used  successfully  in  many  vehiale  control  applications,  including 
simulated  helicopter  control  displays  in  the  cyclic  and  collective, 
(Gilson  and  Ventola,  1976)  and  its  original  application  for  car 
following  (Fenton  and  Montano,  196S) .  The  simulator  used  in  this 
study  was  equipped  with  a  tactual  display  for  airspeed  in  the 
control  yoke,  and  glide  angle  error  in  the  throttle. 

The  heads-up  visual  displays  consisted  of  two  horizontal 
lines  projected  on  the  runway  scene.  A  deviation  from  the 
horizon  for  the  airspeed  line  and  from  the  runway  touchdown  point, 
for  the  glide  angle  display  indioatsd  error.  The  displays  were 
tracked  (in  a  compensatory  manner)  in  the  same  fashion  as  the 
tactual  displays. 

Sublets.  The  subjects  were  novice  pilots  who  volunteered 
one  hour  a  day  for  four  days.  The  subjects  were  randomly  assigned 
to  five  experimental  groups.  Group  1  received  visual  pitch  and 
throttle  displays;  Group  2  received  tactual  displays  and  Groups  3 
and  4  had  one  visual  and  one  tactual  display.  The  fifth  or  con¬ 
trol  group  received  verbal  instructions  from  the  experimenter. 

Procedure .  On  the  first  day,  approach  information  and  con¬ 
trol  uaage  were  explained  to  the  subjects.  Only  pitch  and 
throttle  controls  were  used,  roll  and  yaw  were  locked.  Pitch  was 
continually  emphasized  as  the  primary  task.  Initially,  two 
demonstration  approaches  were  flown  jointly  by  the  experimenter  and 
subject  with  reference  only  to  the  outside  runway  simulation. 

Then  the  subject  flew  four  approaches,  often  landing  short  of  the 
runway.  On  the  following  days  there  were  four  experimental  sessions, 
each  consisting  of  16  practice  approaches  with  the  displays  and 
four  test  approaches  without  displays  or  verbal  instruction.  Data 
were  recorded  from  the  last  four  practice  runs  and  all  four  of  the 
test  approaches. 


Two  performance  measures  were  analyzed.  Airspeed  and  glide  angle 
performance  were  measured  by  the  pitch  and  throttle  integral  errors, 
respectively. 
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Pretraininq.  Performance  on  the  firat  four  approachaa  before 
the  displays  ware  introduced  did  not  ahow  a  aignificant  difference 
among  groups  before  training.  This  result  was  expected  due  to  the 
random  assignment  of  subjects  to  groups. 

Practice.  Tha  two  groups  with  tha  visual  pitch  display  had 
significantly  lass  pitch  error  while  tha  displays  ware  present 
(Figure  2) . 


Group  (pitch  (throttlo) 


FIGURE  2 

Group  effects  for  visual  (v)  and 
tactual  (T)  displays;  performance 
with  the  displays. 

This  was  expected  since  the  tactual  displays  had  no  velocity  quick- 
ening.  Previous  studies  had  shown  velocity  quickening  of  the  tactu¬ 
ally  displayed  error  was  necessary  to  yield  the  same  level  of  per¬ 
formance  as  with  a  visual  display  (Jagacinski,  Miller,  Gilson  & 

Ault,  1977) .  Throttle  performance  with  the  displays  showed  no 
significant  group  ef facts. 
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Totlna.  In  contrast,  during  test  trials  without  the  displays# 
subjects  having  practiced  with  tactually  displayed  pitch  error  had 
better  performance  than  the  visual  group.  This  effect  was  signi¬ 
ficant  for  both  pitch  and  throttle  error  (Figure  3). 


Group  (pitch, throttle) 


Group  (pitch, throttle) 


FIGURE  3 

Group  effects  for  visual  (V)  and 
tactual  (T)  displays;  performance 
without  the  displays. 

These  were  again  the  error  levels  for  performance  in  the  transfer 
condition  when  approaches  were  made  with  only  outside  runway  in¬ 
formation.  The  performance  of  the  group  with  verbal  instruction 
either  equalled  (for  pitch  error)  or  significantly  exceeded  (for 
throttle  control)  both  the  display  groups. 

Learning  Effects.  An  examination  of  performance  data  without 
the  displays  across  test  periods  showed  that  learning  occurred. 
This  effect  was  significant  for  the  combined  data  from  all  groups 
for  pitch  and  throttle  error  (Figure  4) . 
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error  (mph) 


Test  period 


Taut  period 


FIGURE  4 


Teat  period  effects  for  all 
aubjaota'  performance  without 
tha  displays 


Learning  affaota  whila  using  tha  displays 
for  throttla  arror  (Figure  5), 


wars  significant 


FIGURE  5 

Test  period  affects  for  all 
subjects'  performance  with 
the  displays, 
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In  summary,  tactual  training  enhanced  the  learning  for  use 
of  outside  information  to  make  a  visual  approach  to  landing  as 
did  verbal  instruction.  Both  teaching  techniques  reduce  visual 
workload  and  allow  the  student  to  pay  more  attention  to  the  run¬ 
way  environment.  Verbal  instruction  was  superior  because  it  is 
not  confined  to  control  error  and  can  encompass  e.g.  anticipation 
of  needed  response  and  control  interactions.  However,  in  flight 
these  instructions  may  interfere  with  radio  communications  and 
attention  to  such  things  as  engine  sounds.  Therefore,  a  combina¬ 
tion  of  precise  control  information  presented  tactually  and  verbal 
coaching  may  improve  teaahing  of  the  difficult  task,  the  visual 
approach  to  landing. 
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SUMMARY 


A  proximity  sensor  system  has  bean  developed  at  the  Jet  Propulsion 
Laboratory  (JPL)  and  Integrated  with  a  four-olaw  end  effeotor  of  Johnson 
Spaoe  Center  (JSC).  The  sensor  system  has  bean  designed  to  aid  the  oper- 
ator  to  find  the  proper  terminal  range  and  pitoh  and  yaw  alignments  of 
the  four-olaw  end  effeotor  on  a  15.2-m  (50- ft)  long  manipulator  relative 
to  the  grapple  fixture  of  a  large  payload,  The  manipulator  oontrol 
is  manual  and  visually  guided;  the  sensor  system  supplements  the  visual 
information  for  oontrol.  The  sensor  system  has  been  tested  at  the 
JSC  Manipulator  Development  Faoility  under  realiatio  conditions  for 
grasping  statio  and  for  oapturing  moving  targets.  More  than  110  teat 
runs  have  been  performed  by  four  operators,  inoludlng  an  astronaut. 

The  operational  ground  tests  were  very  suooeasful.  The  paper  summarizes 
the  features  of  the  tests  and  evaluates  the  test  results.  The  sensor 
system,  together  with  its  hardware  and  software  oomponents  are  also 
desoribed.  Future  development  and  test  plans  are  briefly  outlined, 
inoluding  the  use  of  an  extended  version  of  the  sensor /display  system. 


404 


1 ,  INTRODUCTION 


In  visually  guided  manipulator  control  the  operator  always  faoea 
a  fundamental  problem >  to  assess  the  value  of  line-of-aight  distance 
errors  between  end  effeotor  and  object.  In  many  oases  the  assessment 
of  line-of-sight  diatanoe  errors  has  an  effect  on  the  oontrol  of  two 
or  three  task  variables.  Dependent  on  the  viewing  angle  of  the  operator 
and  on  the  oonstruotion  of  the  end  effeotor,  the  assessment  of  line-of- 
sight  distance  errors  oan  influence  the  oontrol  of  different  combina¬ 
tions  of  task  variables.  A  typioal  oombination  is  the  oontrol  of  range, 
pitoh  and  yaw  errors  of  the  end  effeotor  relative  to  the  target  objeot 
as  lndioated  in  Fig.  1.  This  oombination  of  oontrol  errors  prevails 
when  the  natural  grasp  plans  of  the  end  effeotor  is  perpendloular  or 
near-perpendloular  to  the  line-of-sight . 

The  visually  guided  oontrol  of  the  spaoe  shuttle  Remote  Manipulator 
System  (RMS)  end  effeotor  falls  into  the  problem  oategory  lndioated 
in  Fig.  1.  Actually,  Fig.  1  shows  the  main  oontour  of  a  four-olaw 
end  effeotor  developed  at  the  NASA  Johnson  Spaoe  Center  (JSC)  for  a 
15.2-m  (50-ft)  long  manipulator  whioh  aimulates  the  funotions  of  the 
shuttle  RMS. 

A  proximity  sensor  system  has  baen  developed  at  the  Jet  Propulsion 
Laboratory  (JPL)  and  integrated  with  tha  four-olaw  end  effeotor  of 
JSC.  The  sensor  system  oonsists  of  four  proximity  sensors.  The  sensor 
system  was  designed  to  supplement  the  visual  information  for  oontrol 
in  providing  guldanoe  data  to  the  operator  near  the  grasp  envelope 
of  the  end  effeotor  where  visual  peroeptlon  of  depth,  pitoh  and  yaw 
errors  are  poor.  The  use  of  the  sensor  system  la  presently  restricted 
to  the  verifloation  of  a  "suooeseful  grasp  state”  of  the  end  effeotor 
before  the  operator  initiates  grasp  aotion.  The  "suooeseful  grasp 
state"  is  defined  by  the  dimensions  of  the  end  effeotor *s  grasp  envelope 
and  by  the  dynemios  of  grasp.  Oeometrioally ,  the  "suooesaful  grasp 
state"  is  any  allowable  oombination  of  depth,  pitoh  and  yaw  errors 
whioh  guarantees  the  mating  of  all  four  olaws  with  the  grapple  fixture. 

When  a  "suooesaful  graap  state"  has  been  reaohed,  the  sensor  data  prooesslng 
eleotronioa  automatically  turn  on  a  simple  "suooesa  display"  (a  buzxer 
or  a  green  light,  or  both),  indicating  to  the  operator  that  he  is  ready 
to  grasp. 

Very  suooeseful  operational  ground  tests  have  been  oonduoted 
with  the  sensor  and  simple  display  system  at  J3C  under  reallstlo  payload 
handling  conditions  to  grasp  standing  and  to  oapture  moving  targets. 
Altogether  112  test  runs  have  been  performed  by  four  operators.  The 
final  reault  is  that,  when  the  "suooesa  display"  was  on,  the  operators 
aohieved  a  oapture  every  time.  There  were  no  operator  mlstakea  under 
sensor-lndioated  grasping  oonditions,  and  ths  sensors  nevsr  lndioated 
wrong  oonditions  for  grasping. 

The  sensor  system  is  described  in  Section  TI .  The  hardware  and 
software  details  of  the  sensor  system  oan  be  found  in  Appendix  A  and  B. 

The  test  scenarios,  inoluding  a  brief  desoription  of  the  JSC  Manipulator 
Development  Facility  (MDF)  teat  equipment,  are  described  in  Seotion  111. 
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The  test  date  and  their  evaluation  are  presented  in  Seotion  IV.  Future 
plana  are  outlined  in  Seotion  V,  and  the  oonolusions  are  summarized 
in  Seotion  VI. 


II.  PROXIMITY  SENSOR  SYSTEM 


i.  Conflict- 

The  top  aurfaoe  of  the  grapple  fixture  defines  the  grasp  plane  of  the 
target  object.  The  four  outer  hinges  of  the  four-claw  end  effeotor  define 
the  grasp  plane  of  the  end  effeotor.  Thus,  the  stated  terminal  guidanoe 
and  oontrol  problem  is  equivalent  to  the  control  of  depth  positioning  and 
pitoh  and  yaw  alignments  of  the  end  effeotor 's  grasp  plane  relative  to  the 
grapple  fixture's  grasp  plane.  But  depth  positioning  and  pitoh  and  yaw 
alignments  of  two  planes  are  in  a  natural  way  related  to  range  measurements 
between  the  two  planes  along  the  normal  of  one  of  the  two  planes  taken 
at  several  (at  least  three)  points  of  that  plane.  Of  course!  all  the 
measurement  points  oannot  be  looated  along  the  same  line  on  the  plane. 

Sinoe  it  is  an  advantage  to  utilize  the  square  symmetry  of  the 
four-claw  end  effeotor  for  the  given  guidanoe /oontrol  problem!  *  square 
matrix  of  four  eleotro-optioal  proximity  sensors  has  been  developed. 
(Eleotro-optloal  proximity  sensing  has  been  desoribed  in  Ref,  1.) 

The  sensors  are  mounted  to  the  oenter  square  frame  of  the  end  effeotor 
which  is  not  part  of  the  olosure  mechanism.  The  sensors  are  mounted 
so  that  the  beam  (or  optical  axis)  of  eaoh  sensor  is  parallel  to  the 
roll  axis  of  the  end  effeotor  whioh  is  at  the  oenter  of  the  square 
frame.  Using  the  olaws  to  define  the  oorners  of  a  square!  the  sensors 
are  mounted  on  the  midpoints  of  the  sides  of  the  square.  (See  Fig.  2.) 

In  this  way,  the  two  lines  oonnecting  sensors  on  opposite  sides  of 
the  square  frame  interseat  orthogonally  at  the  oenter  of  the  square, 
i.e.,  on  the  roll  axis  of  the  end  effeotor.  Henoe,  the  two  orthogonally 
and  oentrally  interseoting  lines  define  a  natural  frame  for  sensing 
pitoh,  yaw  and  depth  errors  from  the  end  effeotor  relative  to  the  top 
plane  of  the  grapple  fixture.  (See  Fig.  3.) 

This  emplacement  of  the  sensors  assures  a  permanently  open,  unobstructed 
field  of  view  for  the  sensor  beams  relative  to  the  grapple  fixture's  top 
aurfaoe  and  does  not  interfere  with  the  operator's  visual  field,  At  the 
same  time,  this  sensor  emplacement  also  proteots  the  sensors  from  incidental 
oollialons  with  the  grapple  fixture. 

The  total  sensitive  range  of  eaoh  sensor  is  about  18  om.  (7  in.), 
thus  covering  somewhat  longer  range  than  the  depth  of  the  grasp  envelope 
whioh  is  about  10  om.  (4  in.).  The  sensor  resolution  In  range  measursmsnt 
is  about  2.5  mm.  (0.1  in.).  The  separation  between  two  sensors  on  the  same 
axis  is  about  14  om.  (5.5  in.).  Henoe,  the  angular  measurement  resolution 
is  about  1  deg.  More  on  the  sensor  can  be  found  in  Appendix  A. 

■I 

The  application  of  these  sensors  to  the  desoribed  guidanoe/oontrol 
problem  requires  that  the  top  of  the  grapple  fixture  have  a  continuous 
flat  aurfaoe  with  known  and  homogeneous  refleotivity. 
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The  major  components  or  the  sensor  system  and  their  configuration 
relative  to  the  JSC  MDF  are  indicated  in  Fig.  Some  details  of  the 
eleotronio  instrumentation  are  described  in  Appendix  A.  The  oomplete 
system  (without  the  microprocessor  unit)  is  shown  in  Fig.  3.  The  mioro- 
prooeasor  together  with  the  "cabin  eleotroniosn  is  shown  in  Fig.  6. 

The  data  processing  required  to  drive  the  "suooeaa  display"  has 
two  modes i  analog  and  digital.  In  both  oases  the  "suooess  display"  is 
a  buszer  or  a  green  light.  When  the  busaer  and/or  green  light  is  on,  it 
indicates  to  the  operator  that  depth  position  and  pltoh  and  yaw  align¬ 
ments  of  the  end  effeotor  relative  to  the  grapple  fixture  are  within 
allowable  limits  for  suaoesaful  grasp.  Thus,  the  "suooess  display" 
does  not  indicate  to  the  operator  the  details  of  the  three-dimensional 
(depth,  pitoh  and  yaw)  error  states.  It  only  indioates  the  allowable 
combination  of  these  three  Independent  errors  for  suooessful  grasp. 

Assuming  0.1  in.  resolution  for  depth  sensing  and  1  deg.  resolution  for 
pitoh  and  yaw  alignments  sensing,  and  assuming  3  in.  total  allowable 
depth  error  and  10  deg.  total  allowable  error  for  both  pitoh  and  yaw 
alignments  individually,  we  then  have  30  by  10  by  10,  that  is,  3000 
allowable  combinations  of  depth,  pitoh  and  yaw  errors  for  suooessful 
grasp,  The  simple  "suooess  display",  therefore,  lessens  the  operator's 
peroeptive  and  cognitive  workload  by  relieving  him  from  the  real-time 
task  of  evaluating  the  details  of  the  depth,  pitoh  and  yaw  error  states. 

The  drive  logio  of  the  "suooess  display"  does  this  svaluation  for  the 
operator  automatically.  The  operator  receives  only  a  simple  binary 
information  from  the  display:  yes  or  no. 

The  analog  drive  logio  implementation  is  quite  simple.  (See 
Appendix  A.)  In  faot,  in  this  simple  analog  implementation  the  full 
capabilities  of  the  sensor  system  cannot  be  utilised  to  aooount  for 
all  physically  possible  combinations  of  depth,  pitoh  and  yaw  error 
states  whiah,  due  to  the  dimensions  of  the  end  effector 's  grasp  envelope, 
still  would  allow  a  suooessful  grasp.  The  primary  reason  for  the  limitation 
of  the  simple  analog  logio  is  the  nonlinearity  of  the  sensor  response. 

To  aohieve  a  full  utilisation  of  the  sensor  system  oapabilities, 
a  digital  unit  has  been  employed  for  sensor  data  processing  and  for 
driving  the  simple  "suooess  display".  The  digital  unit  is  an  Intel 
80/20-4  single-board  mlorooomputer  with  an  Intel  single-board  A/D  converter. 

For  the  purpose  of  experimentation,  several  "suooess  algorithms" 
have  been  implemented  in  the  mlorooomputer  to  drive  the  on-off  "suooess 
displays".  The  algorithms  are  simple  and  aooount  for  all  (or  for  almost 
all)  allowable  error  state  combinations  for  suooessful  grasp.  Algorithms 
have  also  been  implemented  whioh  only  utilize  the  signals  of  any  three 
out  of  the  four  sensors  to  indicate  the  allowable  error  combinations 
for  suooessful  grasp.  This  is  useful  if  one  sensor  eventually  fails 
or  if  one  sensor  beam  eventually  misses  the  top  (referenoe)  surfaoe 
of  the  grapple  fixture  due  to  the  allowable  lateral  alignment  errors. 

It  is  noted  that  the  four-sensor  configuration  shown  in  Fig.  2 
is  really  redundant  to  define  and  oompute  depth,  pitoh  and  yaw  errors. 


V...  . 
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A  triangular  configuration  of  three  sensors  would  be  sufficient  for 
that  purpose.  The  redundancy  of  the  four-sensor  system  is  obvious 
from  the  ftot  that  depth  error  can  be  oomputed  in  two  independent  ways 
as  shown  in  the  lower  right  part  of  Fig*  3.  Hence,  if  one  of  the  four 
sensor  signals  is  missing,  it  oan  be  reoonstruoted  from  depth  error 
data  and,  consequently,  both  pitoh  and  yaw  errors  oan  be  oomputed  as 
if  all  four  sensor  signals  were  present. 

Three  kinds  of  basio  "suooeas  definitions"  have  been  developed, 
eaoh  with  three  sets  of  "suooeas  parameters".  All  nine  variations  have 
been  implemented  for  "all  four"  and  for  "three-out-of-four"  sensors, 
Altogether  18  algorithms  are  stored  in  Erasable,  Programmable  Read-Only 
Memory  (EPROM)  in  the  miorooomputer.  Any  one  of  the  18  algorithms  is 
sasily  callable  by  dialing  the  appropriate  number  between  1  and  18 
on  a  Binary  Coded  Decimal  (BCD)  swltoh  Integrated  with  the  miorooomputer. 
Basio  algorithm  no.  1  is  oalled  "simple  prism",  no,  2  is  nailed  "prism 
extended  by  pyramids",  and  no.  3  is  oalled  "oone".  More  on  the  algorithms 
and  on  the  sensor /display  software  oan  be  found  in  Appendix  B. 


Ill,  GROUND  TESTS 


Testing  of  the  proximity  sensor  augmentsd  end  effeotor  was  performed 
during  May  1978  in  the  Manipulator  Development  Faoility  (MDF)  at  the 
NASA  Johnson  Spaoe  Center  (JSC). 


1.  Taat  Facility  and  Eoulnmant 

The  MDF  (shown  in  Fig.  7)  utilises  a  full-soale  mookup  of  the 
Shuttle  Orbitor  aft  orew  oabin  and  payload  bay,  a  Remote  Manipulator 
System  (RMS)  workstation,  and  arm  assembly,  thereby  offering  unique 
testing  capability,  particularly  in  relation  to  the  RMS  visual  system 
whloh  lnoludea  the  dosed  circuit  television  (CCTV)  and  direot  viewing 
by  the  operator.  Primary  funotlons  of  the  MDF  inolude  serving  as  an 
engineering  deaign  tool  for  the  RMS,  assessing  the  man /systems  interfaces, 
developing  operating  procedures  for  the  RMS  activities,  and  orew  training, 
Minor  differences  in  design  and  operational  capabilities  are  necessary 
in  order  to  operate  the  MDF  manipulator  system  in  a  one-g  environment 
rather  than  in  sero-g.  The  MDF  also  features  a  large  air  bearing  floor 
[17  by  2*1  m,  (56  by  80  ft.)]  which  supported  the  dynamlo  sensor  testing 
with  an  air  bearing  payload  simulator.  (See  Fig.  6), 

The  manipulator  arm,  15.2  m.  (50  ft.)  long  and  hydraulioally 
aotuated,  oan  be  controlled  in  six  degrees  of  freedom  with  resolved 
rate  similar  to  the  flight  RMS,  The  arm,  originally  delivered  as  a 
commercial  item  from  Oeneral  Eleotrio,  oan  be  operated  via  a  position- 
oontrol  system  through  a  replioa  arm  or  via  resolved  rate  oommand  using 
two  hand  controllers.  Replioa  arm  commands  are  transmitted  as  individual 
Joint,  voltages  to  a  comparator  network  which  outputs  oommand-minus-feedbaok 
error  voltages  as  drive  signals  to  the  Joint  servos.  The  replioa  system 
is  presently  maintained  as  a  baok-up  to  the  rate  system. 
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The  resolved  rate  oonuaand  ayatem  oaloulatea  Joint  rates  required 
to  aatiafy  the  end  effeotor  ratea  commanded  by  two  three-degree-of- 
freadoa  proportional  hand  controllers.  These  joint  rates  are  numerical¬ 
ly  Integrated  and  added  to  the  feedback  joint  angles  to  generate  commanded 
joint  angles.  The  corresponding  joint  voltage  is  sent  to  the  same 
comparator  network  utilized  with  the  replioa  system.  The  result  is  a 
resolved  rate  aohieved  with  a  position-control  hardware  system.  A  Systems 
Engineering  Laboratories  (SEL)  32/35  computer  with  256K  bytes  of  900 
nanoseoond  memory  is  used  in  the  rate  system  emulation.  (See  Pig.  9). 

Various  ooordinate  referenoe  frames  are  simultaneously  oaloulated 
in  the  SEL  for  use  in  different  applioations  when  seleoted  by  the  operat¬ 
or.  The  end-effeotor-referenoed  and  Orbiter-referenoed  frames  (Pigs.  10 
and  11)  were  used  during  this  evaluation~the  former  for  tasks  in  whloh 
only  CCTV  was  utilized  (i.e,,  no  direct  vision)  and  the  latter  for  tasks 
primarily  involving  direot  vision.  The  end  effeotor  system  is  basioally 
oamera-referenoedt  a  controller  input  (e.g.,  translation  hand  control¬ 
ler  "left"  command)  oauses  end-effeotor  movement  from  right  to  left  on 
the  TV  monitor.  Similarly,  a  translation  hand  controller  command  to 
starboard  in  the  Orbiter  frame  oauses  end-effsotor  movement  from  port  to 
starboard  along  a  line  through  the  end  effeotor  tip  and  parallel  to  the 
Orbiter  Y  axis. 


2.  Xiit-aaiaarifl 

The  test  was  divided  into  two  phases >  statio  runs  whloh  were 
oompleted  with  a  nqn-moving  payload,  and  dynamio  runs  performed  with 
a  moving  payload  on  the  air  bearing  floor  of  the  MDP.  In  the  statio 
set  of  runs,  the  operator  was  looated  at  the  RMS  workstation  in  the 
oabin  area.  The  payload  with  apeoial  grapple  fixture  was  looated  in 
the  payload  bay  in  one  of  two  attitudes i  grapple  fixture  on  top  and 
front.  Oiven  a  go-ahead,  the  operator  maneuvered  the  end  effeotor 
using  direot  vision  and/or  olosed  olroult  television  feedbaok  to  effeot 
an  alignment  with  the  grapple  fixture.  The  sensor  utility  was  limited 
in  this  oase  ainoe  aoouraoy  was  the  oritioal  faotor  to  the  operator. 


However,  during  the  dynamio  phase,  the  sensor  beoame  very  useful 
as  the  operator  was  primarily  oonoerned  with  payload  oapture  rather 
than  alignment  aecuraoies.  In  these  runs,  the  operator  was  looated 
both  in  the  oabin— in  whioh  oase  he  used  television  feedbaok  to  make 
the  oapture— and  on  the  air  bearing  floor— in  whioh  oase  he  used  direct 
vision  to  make  the  capture.  In  both  oases,  the  sensor  was  used  to 
provide  initial  indioation  that  within-toleranoe  grapple  conditions 
had  been  aohieved. 


Figure  12  shows  the  sensor-augmented  end  effeotor  on  the  Shuttle 
mook-up  manipulator  and  a  few  test  soenes  at  the  JSC  MDF. 
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IV.  TEST  DATA  AND  DISCUSSION 


Four  subjeota  completed  00  atatio  and  92  dynamio  runs.  In  tha 
statio  oonfiguration,  operators  were  100$  Buooassful  at  aohlaving  and 
affaotor  alignmant  with  tha  grappla  flxtura  within  tha  grappla  anvalope. 
Maan  and  maximum  linear  and  angular  miaalignmants  for  thasa  runa  ara 
praaantad  in  Tabla  1.  Subjaotiva  avaluationa  indioated  that  the  sens¬ 
or  'a  utility  waa  not  fully  axaroiaad  during  this  teat  alnoa  tha  goal 
was  aoourata  alignment,  not  Just  aohlaving  valid  grappla  oonditiona 
(i.e.,  on  the  fringaa  of  tha  envelope).  However,  operator  comments 
indioated  that  if  tha  sensor  feedbaok  inoludad  quantitative  aoouraoy 
information,  tha  sensor  potentially  oould  allow  a  vary  aoourata  align¬ 
ment,  and,  thua  baooma  a  useful  tool  in  aohlaving  a  minimum-load  grappla. 

For  tha  dynamio  oasa,  tha  operators  ware  100$  auooassful  in  pay- 
load  oaptura  whan  tha  sanaor  feedbaok  waa  positive  (i.e.,  valid  grappla 
oonditiona  aohiavad)  as  indioated  by  sanaor  display  and  aural  tone. 

Maan  and  maximum  linear  and  angular  misalignments  for  thasa  runs  ara 
praaantad  in  Tabla  2.  Maan  tlmaa  to  grappla  as  a  funotion  of  payload 
spaed  ara  presented  in  Tabla  3.  Orapplo  auooass  data  ara  shown  in 
Tabla  4.  While  maan  linear  and  angular  misalignments  ware  similar  for 
both  atatlo  and  dynamio  oaaas,  tha  varianoa  waa  higher  for  tha  dynamio 
oasa.  Tha  reader  will  note  that  while  tha  sensor  was  100$  reliable, 
grappla  auooass  was  more  readily  aohiavabla  whan  tha  operator  had  direct 
visual  aooaas  to  tha  payload  as  opposed  to  viewing  tha  payload  via 
tha  television  system.  Subjaotiva  oomments  on  tha  sensor  for  tha  dynam¬ 
io  runs  indioated  that  tha  aansor  was  extremely  useful  for  tha  payload 
oaptura  oasa.  The  sensor  also  seemingly  allowed  tha  operator  to  grappla 
before  tha  other  present  visual  ouea  (e.g.,  target)  indioated  that 
allowable  alignment  oonditiona  had  bean  mat.  Generally,  the  subjaots 
felt  that  tha  test  demonstrated  tha  desirability  and  utility  of  tha 
proximity  sensor  feedbaok  as  an  aid  to  the  RMS  operator  during  payload 
grapple  activities. 

In  general,  subjaots  felt  more  "comfortable"  with  the  sensor 
when  oompared  to  a  target  which  presented  visual  cues  only.  With 
the  proximity  sensor,  it  is  possible  that  some  visual  workload  was 
transferred  to  the  audio  ohannel  thereby  distributing  the  workload 
and  reduoing  tension  in  the  subjaots  to  some  degree.  Additionally, 
the  operators  oould  wait  for  either  an  audio  or  visual  "diaorete"  signal 
indloating  within-toleranoe  grasp  oonditiona,  whioh  is  olearly  a  muoh 
easier  task  than  qualitative  and  continuous  assessment  of  a  paaslve 
visual  target. 


V.  FUTURE  PLANS 


As  pointed  out  above,  the  simple  "auooass  display"  does  not  show 
the  details  of  the  three-dimensional  (depth,  pitoh  and  yaw)  error  states. 
Advanoed  graphios  display  oonoepts  have  subsequently  been  implemented 
to  oonvey  to  the  operator  not  only  the  "suooess"  information  but  also 
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the  details  of  the  three  (depth,  pitoh  and  yaw)  errors  so  that  the 
operator  will  know  from  the  sensors  "what  to  do"  in  order  to  get  the 
end  effector  to  the  "successful  grasp  state"  or  to  fine-oontrol  the 
grasp.  Figure  13  shows  an  advanoed  oonoept  Implemented  in  oolor  graphics. 
Hers,  "suocess"  is  indicated  by  all  error  bars  burning  green.  The 
unsuooessful  error  combinations  are  indioated  by  all  error  bars  turning 
red.  The  length  of  the  error  bars  is  proportional  to  the  respeotlve 
errors  under  both  "green"  and  "red"  condition-,  A  new  display  bassd 
on  the  proportional  bar  technique  and  event  indioator  will  be  tested 
at  the  JSC  MDP  later  this  year. 

Plans  also  inolude  extending  the  sensor  system  with  a  longer  range 
sensing  component  to  provide  guidance  information  to  the  operator  ahead 
of  the  grasp  envelope.  It  is  also  feasible  to  build  a  sensor  system 
whioh  would  provide  terminal  guidanoe  information  in  all  six  dimensions, 
that  ia,  in  three  position  and  in  three  alignment  degrees  of  freedom. 

The  plans  also  inolude  the  potential  redesign  of  the  electronic  imple¬ 
mentation  by  incorporating  fiber  optio  oables  into  the  aenslng  system. 

This  would  greatly  simplify  flight  implementation  and  would  considerably 
improve  signal  quality. 


VI.  CONCLUSIONS 


The  tests  have  shown  that  proximity  sensor  information  is  a  very 
effeotiva  and  desirable  aid  to  capture  moving  targets.  It  also  has  the 
potential  to  minimise  grapple  pre-load  in  grasping  large  or  any  statio 
targets.  The  operators'  subjeotive  comments  confirmed  the  usefulness 
and  praotioality  of  the  proximity  sensor  based  terminal  guidanos  system 
oonoept  supplementing  the  visual  information  for  the  control  of  grasp/ 
oapture  operations,  The  tests  have  also  indioated  that  extending  the 
range  of  proximity  sensing  and  providing  more  detailed  but  coordinated 
display  information  to  the  operator  would  further  enhanoe  the  utility 
of  the  sensor  system. 
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APPENDIX  A. 


SENSOR  HARDWARE 


The  optioal  configuration  of  tha  proximity  atnaor  head  li  shown 
In  Flfura  14  togsthsr  with  1  fsw  dssign  dots.  80-mm  foosl  lsngth  oolli- 
mstlng  lanaaa  art  used  in  ths  asnaor  hssd.  Ths  onaraoteristioa  of 
sanaor  output  and  aanaor  haad  looatlon  ralativa  to  tha  and  affaotor'a 
graap  ranga  ara  shown  in  Figura  1$.  Nota  that  tha  top  of  tha  bell- 
ahapad  signal  ourva  la  looatad  inaida  tha  unraaohabla  apaoa.  In  this 
arrangamant,  only  tha  outar  lag  of  tha  signal  ourva  oan  ba  utllliad 
for  diatanos  aanaing.  Consequently,  tha  aanaad  dlatanoa  is  always 
a  single-valued  funotion  of  tha  voltaga  output  of  tha  sanaor •  Tha 
signal  ourva  shown  in  Figura  15  is  tha  aotual  calibration  ourva  of 
ona  of  tha  four  sansors  ralativa  to  a  dull  rsddish  raf looting  surfaoe, 

Tha  main  alaaanta  of  tha  alootronio  instrumentation  ara  shown  in 
Figura  16.  filoak  "B"  in  Figura  16  (tha  display  driva  logic)  oan  ba  an 
analog  or  a  digital  unit.  Tha  analog  driva  loglo  implamantatlon  of  tha 
suooasa  display  is  axplainad  in  Figura  17. 


APPENDIX  B. 

SENSOR  AND  DISPLAY  SOFTWARE 


Tha  softwara  implamsntad  in  assambly  languaga  in  an  Intal  60/20-4 
aingla-board  mloroprooasaor  performs  thraa  major  funotiona  in  raal  tlmai 

(1)  Linoarisatlon  of  sanaor  data. 

(2)  Dstsrmination  of  ranga,  pitoh  and  yaw  arrors  and  thalr 
oombinations  ralativa  to  "suoosssful  grasp  orltsria." 

(3)  It  drlvaa  tha  display. 

Sanaor  data  llnsarisation  is  aaoomplishsd  by  tabla  look-up.  Tha 
oalibration  ourva  for  aaoh  sanaor  is  storsd  in  mamory  for  0  to  4.2  in. 

(0  to  11  am.)  ranga  with  0.05  in.  (about  1.25  am.)  separation  batwaan 
data  points.  Hanoa,  aaoh  sanaor  calibration  ourva  is  represented  by 
84  data  points. 

For  the  purpose  of  axperimentation,  thraa  different  algorithms 
have  been  defined  and  implemented  for  "suoosssful  grasp."  Tha  oomputar 
program  organisation  is  shown  in  Figura  18.  Tha  thraa  "suooasa  algo¬ 
rithms"  ara  axplainad  in  Figura  19,  together  with  tha  appropriate  symbol 
daf lnltions . 

The  differenoa  batwaan  ths  three  algorithms  is  as  follow*. 

Alaorlthm  No .  1 .  oallad  "simple  prism  algorithm",  defines  tha  suoosssful 
grasp  volume  as  a  prism.  It  looks  at  tha  four  senior  ranges  individually 
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Each  sensor  range  must  be  between  predefined  upper  and  lower  limits 
oorresponding  to  the  allowable  depth  error.  The  limits  are  identioal 
for  all  four  sensor  ranges.  At  the  same  time)  the  differences  between 
the  two  sensor  ranges  on  both  the  pitoh  and  yaw  axes  must  be  less  than 
a  predefined  value  oorresponding  to  the  allowable  pitoh  and  yaw  errors. 
(See  also  Figure  3.)  Algorithm  Mo.  2.  called  "prism  extended  by  pyra¬ 
mids")  defines  the  suooessful  grasp  volume  as  s  prism  extended  with 
pyramids  at  the  top  and  at  the  bottom  of  the  prism.  First,  it  oomputes 
the  range.  The  range  must  be  within  predefined  limits.  Then,  the 
allowsble  pitoh  and  yaw  errors  are  oomputed  and  gated  as  funotlons 
of  the  range  aooording  to  the  trapesoid  formula  shown  in  Figure  19  * 
Algorithm  No.  q.  oslled  "oonio  algorithm",  defines  ths  suooessful  grasp 
volume  as  a  oylindsr  extended  with  oones  at  the  top  and  at  the  bottom 
of  the  oylindsr.  First,  it  oomputes  the  range  like  Algorithm  No.  2, 

But,  it  oombines  the  individually  allowable  pitoh  and  yaw  errors  into 
a  single  allowable  oone  error  oondition  whioh  la  gated  as  a  funotlon  of 
the  range  aooording  to  the  trapesoid  formula  shown.  Algorithm  No.  3 
is  the  most  powerful  among  the  three  algorithms.  Figure  20  illustrates 
the  suooessful  grasp  volumes  es  defined  by  the  thrae  different  algorithms. 

It  is  noted  that  the  redundanoy  of  the  four-sensor  system  versus 
depth,  pitoh  and  yaw  errors  is  obvious  from  the  faot  that  depth  error 
oan  be  oomputed  in  two  independent  ways  as  shown  in  Figure  3.  Henoe, 
if  one  of  the  four  sensor  signals  is  missing  it  oan  be  reconstructed 
from  range  data  and,  consequently,  both  pitoh  and  yaw  errors  oan  be 
oomputed  as  if  all  four  sensor  signals  were  present. 

Eaoh  "suooeaa  algorithm"  has  been  implemented  with  three  sets  of 
"auooess  parameters".  Further,  all  nine  variations  have  been  implement¬ 
ed  for  "all  four"  and  for  "three-out-of-four"  sensor  cakes.  Altogether 
18  algorithms  are  stored  in  the  microcomputer .  The  parameters  with 
ths  oorresponding  awitoh  number  assignments  are  listed  in  Table  5. 

The  parameter  symbols  of  Table  5  follow  the  definitions  explained  in 
Figure  19. 

The  oomputer  program  subroutines  shown  in  Figure  18  perform  the 
following  funotiona.  The  first  subroutine  initialises  the  Intel  8255 
parallel  peripheral  interfaoe  porta.  The  seoond  subroutine  initiates  the 
A/0  oonversion  prooeas,  reads  and  stores  the  output  voltage  data  of  eaoh 
of  the  four  sensors.  The  third  subroutine  identifies  the  ranges  sensed 
by  eaoh  of  the  four  sensors  by  searohing  through  the  calibration  table. 

The  fourth  subroutine  looks  for  missing  distance  values,  The  fifth  sub¬ 
routine  is  the  oentral  routine  for  exeouting  the  algorithmic  computations. 
The  last  subroutine  examines  the  result  of  the  algorithmic  computations 
and  sets  the  light  and  buzser  (the  "suooess  display")  aooordingly.  The 
exeoution  of  the  whole  program  takes  only  a  few  milliseconds. 


j 
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Table  1.  Statio  mlaallgnmenta 

i - MISALIGNMENT 


MEAN 

MAXIMUM 

POSITION:  X 

1. 1  IN. 

1.7  IN. 

Y 

0.4  IN. 

0.8  IN. 

Z 

0.3  IN. 

0.9  IN. 

ATTITUDE:  PITCH 

2.2° 

2.2° 

YAW 

1.7° 

3.5° 

ROLL 

2. 1° 

5.5° 

Table  2. 

Dynamio  miaalignnentp 

, - MISALIGNMENT - i 

MEAN 

MAXIMUM 

POSITION:  X 

0.6  IN. 

1.6  IN. 

Y 

1.0  IN. 

2.7  IN. 

Z 

0.7  IN. 

4.0  IN. 

ATTITUDE:  PITCH 

2.9° 

6.8° 

YAW 

2.2° 

6.0° 

ROLL 

3.2° 

9.5° 

Table  3. 

Dynamio  grapple  tinea 

i - VISUAL  ACCESS - 1 

DIRECT 

PAYLOAD  SPEED 

TV 

VISION 

(FT/SEC  ) 

ONLY 

ONLY 

0.1 

1.35  MIN. 

0.95  MIN. 

0.2 

1.  23  MIN, 

0.92  MIN. 

0.3 

1. 30  MIN. 

0.72  MIN. 

f 
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Table  4.  Dynamlo  grapple  auooeas 


VISUAL  ACCESS 


PAYLOAD  SPEED 

TV 

DIRECT 

VISION 

(FT/SEC. ) 

ONLY 

ONLY 

0.1 

100% 

100% 

0.2 

88% 

100% 

0.3 

35% 

100% 

Table  5.  Parameter  values  and  panel  ewltoh  assignments 
of  "suooeea  algorithms" 


PANEL  SWITCH  ASSI0NMENT5 


SWITCHES  MM1M1 


01 

OB 

03 

04 

0) 

06 

07 

0« 

09 

10 

u 

12 

13 

14 

15 

16 
17 
It 


SIMPLE  ■  PARAMETER  SIT  1  (SMI)  1 
SIMPLE  •  PARAMETER  SET  2 ISM2I 
SIMPLE  •  PARAMETER  SET  3  I  SMS  I 
EXPANDED  -  PARAMETER  SET  1  IEX1) 
EXPANDED  ■  PARAMETER  SET  2  (1X2)  ■ 

EXPANDED  -  PARAMETER  SET  3 IEX3) 
CONIC  -  PARAMETER  SET  1  (COD 
CONIC  •  PARAMETER  SET  2  (COE) 

CONIC  -  PARAMETER  SET  3  (COS)  J 
SIMPLE  •  PARAMETER  SIT  1  (SMTFI) 
SIMPLE  •  PARAMETER  SET  2  ISMTFl) 
SIMPLE  •  PARAMETER  SET  3 ISMTFS) 
EXPANDED  •  PARAMETER  SET  l  (EXTF1) 
EXPANDED  •  PARAMETER  SET  2  IEXTF2I  . 
EXPANDED  •  PARAMETER  SET  3  IEXTF3) 
CONIC  •  PARAMETER  SIT  1  ICOTFH 
CONIC  -  PARAMETER  SET  2  ICOTF2) 
CONIC  -  PARAMETER  SET  3  (COTF3) 


FOUR 

SENSORS 


ANV 

THREE 

OUT 

OF 

FOUR 

SENSORS 


PARAMETER  SETS  ( Inches ) 


SWITCH 

NUMIERS 

A 

I 

1 

1  OR  10 

M 

0.1 

2.1 

1.0 

2  OR  11 

SM2 

as 

2.3 

1.0 

3  OR  12 

SM3 

0.1 

2.1 

1.0 

HA 

HO 

HC 

HD 

C. 

JL 

4  OR  13 

J*i 

as 

1.0 

2.3 

2.1 

1.1 

2.2 

3  OR  14 

EX2 

as 

0.9 

2.1 

2.3 

1.1 

2.73 

6  OR  13 

EX3 

ai 

o.s 

2.4 

2.1 

1.1 

2.73 

TOR  16 

COl 

as 

1.0 

2.3 

2.1 

1.25 

2.3 

tOR  17 

C02 

as 

0.9 

2.1 

2.3 

1.29 

3.123 

9  OR  II 

COl 

ai 

as 

2.4 

2.1 

1.23 

3.123 

SIMULTANEOUS  MEASUREMENT  OF  DEPTH,  PITCH  AND  YAW  ERRORS 


SINSOR  3 


SENSOR  1 


'SENSOR  3 


i".  \* 


lOi  -  D,  ■  YAW  ERROR 


SENSOR  1 


SENSOR  3 


SENSOR  4 


9|  +  0] 

R  ■  -  a  >  DEPTH  ERROR 


SENSOR  4 


SENSOR  3 


1D4  -  Dj  ■  PITCH  ERROR* 


D:  OPTICAL  PATH  OP  SENSORS 

(Dm**  *-  7  inches) 


p«  +  D< 

,  R  *  ■  DEPTH  ERROR 

3 


Figure  3.  Four-sensor  operation  oonoept 
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ELECTRONICS 
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ELECTRONICS 


DISPLAY 

TO 

OPERATOR 


COCKPIT 

Figure  4.  Sensor  system  oomponenta 
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PROXIMITY  MEASUREMENTS) 

Figure  5.  Overall  proximity  aanaor  ay at am 
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Figure  6.  Mlaroprooessor  end  drive  eleotronloa 
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Figure  7.  Shuttle  sock-up  at  JSC  MDF 
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Orbltar  rafaranoa  frana  for  oontrol 


'  UNREACHABLE 
SPACE 


USEFUL  GRASP  RANGE  * 
MEASURED  BY  SENSOR 


Figure  15 •  Emplacement  and  output  signal  of  proximity  aansor 
ralatlva  to  grasp  rang# 


IINIOR  ILICTRONICI  ON  IND  IMICTOX 


NNIOIt  IUCTRONICI  IN  CASIN 


Figure  16.  Proximity  sensor  eleotronios  for  JSC  four-olaw  end  effeotor 


ANALOG  SIGNALS  LOGIC  LEVEL 
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SUCCESSi 

EACH  OF  THE  FOUR  SENSORS  OUTPUT  IS  IN  LOGIC  STATE  "1" 

(THEN  TONE  ANO/OR  GREEN  LIGHT  ARE  AUTOMATICALLY  TURNED 
ON  INDICATING  TO  OPERATOR  THAT  DEPTH  POSITION  AND  PITCH 
AND  YAW  ALIGNMENTS  OF  END  EFFECTOR  ARE  OK  FOR  SUCCESSFUL 
GRASP  OF  TARGET) 


Figure  17.  Analog  drive  logio  for  "auooeaa  display" 


Figure  18.  Computer  program  organization  of 

digital  drive  for  "auooess  display" 
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MEASUREMENTS 


SIMPLE  AlOORITHM 


C  IS  A  MEASURE  FOR  PITCH  AND  YAW  ERRORS;  C  ■  f(H) 


ha,  hb-  HC  HD  AND  K 

(AND  IMPLICITLY  ALSO  C*) 
ARE  PRESET  CONSTANTS 


((H)  IS  GIVEN  BY  THE 
TRAPEZOID  FORMULA 
SHOWN  ABOVE 


CD 

A<  D^<  B 

A-SD2<  B 

0 

A<D3^B 

<D 

a^d4-s  b 

<5> 

IDj-DjISC 

<£> 

|d2-d4^c 

IF  ALL  SIX  CONDITIONS 

ARE 

TRUE  THEN  LIGHT/ 

BUZZER  ARE  ON, 

OTHERWISE  OFF 

A,  B,  C  ARE  PRESET 
CONSTANTS 


CONIC  ALOORITHM 


EXPANDED  ALOORITHM 


CD  ha  sh  shd 

WHERE  H  ■  1/2  (D1  +  Dg) 

1/2  (D?  +  D4I 

(2)  (D1  -  Dj)2  +  (D2  •  D4>2  £  L 

WHERE  L  ■  C2  -  [f(H)]2 

IF  BOTH  CONDITIONS  ARE  TRUE 
THEN  LIGHT/BUZZER  ARE  ON, 
OTHERWISE  OFF 


CD  hash<;hd 

WHERE  H- 1/2  (Dj  +  Dj) 

•  1/2  (Dg  +  D4> 

(2)  iDj  -  d3|<  C  -  f(H) 

(3)  |d2-d4|sc-hh) 

IF  ALL  THREE  CONDITIONS  ARE 
TRUE  THEN  LIGHT/BUZZER  ARE  ON, 
OTHERWISE  OFF 


Fifurt  19 •  Suooaaa  algorithma 
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The  transfer  of  control  and  guidance  Information 
to  the  pilot  through  the  manipulator  forces. 

by 

Prof.  Dr.-Ing.  K.H.  DOetSch  and  Dr.-Ing.  W.  RSger 
Sonderforschungsberelch  Flugfllhrung 
Techn.  University  Braunschweig 
3300  Braunschweig,  Postbox  3329 
Federal  Republic  of  Germany 


ABSTRACT 

Results  are  discussed  of  extensive  Investigations  on  a  fixed  cockpit  simulator 
which  aim  at  Improving  the  control  efficiency  of  the  pilot.  Information  on  the 
deviation  from  the  desired  or  commanded  flight  path  Is  transferred  to  the  pilot 
by  means  of  changes  of  control  wheel  forces  proportional  to,  but  In  direction 
opposite  to  the  control  force  required  to  reduce  the  deviation.  Identical  In¬ 
strument  display  Information  Is  used  simultaneously  In  some  of  the  test  series. 

Quite  remcrkable  Improvements  In  flight  path  accuracy  as  well  as  reduced  mental 
and  physical  workload  are  achieved,  and  the  frequency  range  of  disturbances 
that  can  effectively  be  corrected  is  extended.  The  essential  cause  of  this  phe¬ 
nomenon  Is  Identified  as  a  rather  drastic  reduction  In  the  human  operator  time 
delay  when  this  particular  type  of  kinesthetic  cue  Is  used.  This  enables  the 
pilot  to  use  higher  gain  In  the  control  loop. 

LIST  OF  SYMBOLS 

eit)  tracking  error 

*eff  rms  va1lJ*  of  #rror 

F  force  transducer 

FMp(s)  model  pilot  describing  function 

FZS  Force  Zero  Shift 

Kp  model  pilot  gain  fibtor 

t  time 

Tj  human  delay  time  constant. 

T,  human  lead  time  constant 

Tn  neuro-muscular  delay  time  constant' 

Ts  time  constant  of  plant 

Vg  gain  of  plant 

w(t)  forcing  function 

weff  rms  value  of  forcing  function 

x(t)  system  output 

y(t)  control  signal  (pilot's  applied  force) 
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rms  value  of  control  signal 

average  power  spectral  density  of  tracking  error,  e 
power  spectral  density  of  forcing  function 
linear-coherence  coefficient 

Force  Zero  Shift  gain,  degrees  deflection  of  control  column 
per  unit  tracking  error,  a 

human  operator  delay  time 

phase  margin 

frequency 

crossover  frequency 

cut-off  frequency  In  forcing  function 


INTRODUCTION 

In  the  Sonderforschungsberelch  FluofUhrung  of  the  Braunschweig  Technological 
University,  we  are  engaged  In  a  major  research  project  on  the  optimal  symbiosis 
of  the  human  operator  with  automatic  control  of  aircraft  j 1 | .  In  the  process 
of  this  research,  the  question  arose  whether  airline  pilots  would,  In  the 
future,  be  content,  within  their  task  of  flight  path  management,  to  select  diffe¬ 
rent  fully  automatic  control  modes  or  to  perform  flight  path  adjustments  by 
pure  press  button  operation,  or  whether  they  would  prefer  to  "stay  In  the  loop" 
by  flying  the  aircraft  through  the  AFCS  In  a  control  wheel  steering  fashion  and 
thus  he  better  adjusted  to  taking  over  Instantaneously  In  the  case  of  an  Irre¬ 
gularity, 

If  this  latter  approach  were  adopted,  particularly  during  manoeuvring  flight  In 
the  terminal  area  and  during  landing,  then  Improved  means  of  communication  bet¬ 
ween  the  aircraft  dynamics  and  the  pilot's  sensory  faculties  would  be  most  desi¬ 
rable.  One  way  of  achieving  this  was  considered  to  exist  In  the  use  of  kinesthe¬ 
tic  cues  via  the  manipulator, as  suggested  In  different  forms  by  Noggle  |2|  and 
Merhav  |3|. 


In  our  particular  experiments  1 4 1,  we  first  used  the  control  column  In  our  existing  | 
flight  simulator  {Fig.  1)  to  provide  kinesthetic  cues  to  the  operator.  In  the  *  | 
present  flight  development  stage,  a  miniaturised  manipulator,  better  adapted  | 
for  the  task  is  being  used,  1 

THE  ACTIVE  MANIPULATOR  1 

The  general  Idea  of  creating  an  appropriate  kinesthetic  cue  may  be  explained  by  1 
means  of  Fig,  2,  which  compares  tne  principle  of  a  conventional  control  system,  j 
Including  an  artificial  spring  feel  and  force  trim  as  used  with  most  hydraull-  J 
cal ly  operated  aircraft  control  surfaces,  with  the  principle  of  our  "Active  j 
Manipulator".  This  manipulator,  as  far  as  the  pilot  Is  concerned,  Is  conventlo-  .1 
nal  with  typical  steady  state  force-displacement  characteristics.  However,  the  .1 
zero  force  trim  point  Is  shifted  continuously  and  automatically  by  any  selected  1 
aircraft  state  parameter,  and  It  Is  the  force,  F,  exerted  by  the  pilot  on  the  § 
control  column  rather  than  Its  deflection  which  Is  transmitted  as  the  command  1 
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to  the  control  system.  In  fact  the  mechanical  control  linkage  Is  eliminated  and 
therefore  the  system  does  not  respond  to  manipulator  position  or  deflectloni  nor 
does  the  manipulator  move  In  sympathy  with  the  control  surfaces  or  the  plant 
output.  It  does  move,  however,  even  If  no  force  Is  applied  by  the  pilot,  In 
following  the  Force  Zero  Shift  introduced  by  the  motion  of  the  spring  feel  sys¬ 
tem. 

This  Force  Zero  Shift  (FZS)  Is  defined  in  terms  of  the  deflection  of  the  control 
column  or  stick,  measured  In  degrees  (o°)  per  unit  deviation,  e,  from  the  comman¬ 
ded  flight  path  parameter,  Fig.  3  demonstrates  how  this  principle  Is  translated 
Into  reality  by  means  of  an  electro-hydraulic  servo  arrangement.  The  bottom  of 
the  control  column  Is  mechanically  connected  to  a  hydraulic  jack.  This  receives 
two  kinds  of  Input  signals,  one  from  the  load  cell,  measuring  the  pilot's 
applied  force  and  providing  the  spring  feel  effect  by  equating  this  force  Input 
signal  to  a  deflection  feed  back  signal,  and  a  second  Input  signal,  derived 
from  a  plant  output  parameter,  causing  the  Force  Zero  Shift  of  the  spring  feel 
and  thus  moving  the  free  column  position. 

This  shift  Is  arranged  In  such  a  direction  that  ,  If  the  pilot  attempts  to  hold 
the  column  In  Its  original  position,  he  has  to  apply  an  opposing  force,  l.e.  a 
force  In  such  a  sense  that  the  load  cell  signal  tends  to  reduce  the  plant  output 
deviation,  just  as  an  unaided  control  force  Input  In  the  same  direction  would  do. 
This  direction  of  the  Force  Zero  Shift  is,  note  bene,  opposite  to  an  ordinary 
trim  servo  Input  aimed  at  reducing  the  same  deviation. 

This  Is  to  provoke,  by  the  kinesthetic  cue  of  the  Force  Zero  Shift,  a  reflex 
type  reaction  of  the  pilot  In  the  correct  phase  with  the  required  control  Input. 
It  relieves  him  of  a  conscious  decision  making  process  to  find  this  correct 
phasing,  which  would  consume  much  time  and  still  be  apt  to  produce  erroneous 
Inputs. 

The  magnitude  of  the  kinesthetic  cue  can  easily  be  adjusted  by  changing  the 
gain  setting  of  the  Force  Zero  Shift  (see  the  block  "Gain  Variation*1  In  Fig. 4). 
The  gain  of  the  Force  Zero  Shift  response  to  aircraft  state  variations  Is  ob¬ 
viously  one  of  the  main  parameters  of  our  Investigation.  It  can  be  conveniently 
expressed  In  terms  of  zero  force  angular  control  column  deflection,  o,  as  men¬ 
tioned  before,  once  a  suitable  feel  spring  stiffness  has  been  established  and 
fixed. 

The  pilot  Is  free  to  react  to  the  force  cue  with  any  amplification  he  may  choose, 
l.e.  with  his  personal  linear  gain  factors,  Kp,  If,  in  particular,  he  follows 
the  strategy  of  doing  no  more  nor  less  than  holding  the  control  column  fixed  In 
Its  Initial  position,  then  the  unique  gain  factor  needed  to  achieve  this  may 
be  referred  to  as  "Reference  Gain".  It  Is  worth  noting  that  It  Is  only  depen¬ 
dent  on  constant  settings  of  the  system. 

EXPERIMENT 

As  evident  from  Fig.  4,  this  basic  experiment  was  conducted  as  a  single  loop 
manual  compensatory  tracking  task  in  the  aircraft  pitch  degree  of  freedom. 

The  aircraft  behaviour  was  reduced^to  the  Laplace  form 

x(»)  ■  Yfrfay  ’  y<»). 
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In  most  of  the  test  runs,  the  operator  received,  In  addition  to  the  kinesthetic 
cue  via  the  Active  Manipulator,  Identical  visual  Information  of  the  tracking 
error  through  a  modified  artificial  horizon  display.  The  forcing  function,  w(t), 
was  composed  of  ten  harmonic  sine-waves  at  different,  discrete  frequencies, 
taken  from  AFFLR-TR-65-15  by  McRuer  et  al.,  (Fig.  14).  For  the  assessment  of 
the  ability  of  the  operator  to  follow  the  forcing  function, both,  the  rms  value 
of  the  error,  ec»f,  and,  as  a  measure  of  his  control  activity,  the  rms  value 
of  the  control  signal,  ytff,  were  evaluated.  For  each  series  of  runs,  the  avera¬ 
ge  operator  transfer  function  was  established  over  the  whole  frequency  range. 
The  linearity  of  the  pilot  describing  function  was  judged  by  the  ratio  of  the 
power  of  his  control  activity,  y(t),  In  the  forcing  function  frequencies  to  the 
total  power.  This  ratio  was  defined  as  linear-coherence  coefficient,  pij«.  In 
addition,  the  power  spectral  densities  of  the  tracking  error  were  established 
for  the  forcing  function  frequencies  In  order  to  observe  the  effect  of  the 
Active  Manipulator  on  the  system  performance,  particularly  with  respect  to  an 
extension  of  the  controllable  frequency  range. 

Test  runs  of  4  minutes  each  were  performed  by  6  subjects  and  repeated  S  times 
for  each  setting  of  a .  Thus,  30  Individual  test  values  were  combined  to  form 
one  averaging  point  In  the  plotting  of  the  test  results. 

TEST  RESULTS 

Fig.  S  shows  what  remarkable  Improvement  In  tracking  performance  Is  achieved 
even  with  moderate  force  cues.  At  a  Force  Zero  Shift  of  a  -  6°,  the  average 
tracking  error  Is  halved  when  compared  with  conventional  control  (o  ■  0).  The 
same  order  of  Improvement  Is  evident  In  the  Intrasubject  as  well  as  In  the 
Intersubject  standard  deviations.  This  Indicates  that  the  operators  are  In¬ 
creasingly  compelled  to  use  a  uniform  and  very  efficient  control  strategy. 

One  might  assume  that  these  Improvements  are  paid  for  by  Increased  pilot's 
workload,  In  particular  higher  control  activity.  Fig.  6  snows  that  tne  opposite 
Is  true.  The  pilot's  control  effort  Is,  for  all  Force  Zero  Shift  gains,  slightly 
reduced.  And,  Incidentally,  the  Intra-  and  Intersubject  variation  are  gradually 
eliminated  with  Increasing  gain. 

The  power  spectral  densities  of  the  tracking  error  (Fig.  7)  show  that  the  Im¬ 
provements  In  tracking  accuracy  cover  the  whole  frequency  range  that  can  be 
controlled  manually  by  the  human  operator.  In  fact,  the  controllable  range  Is 
extended,  and  enhanced  control  1$  achieved  at  the  lower  as  well  as  at  the  upper 
range  limit. 

One  reason  for  the  Improvement  In  tracking  performance  lies  In  the  Improved 
linearity  of  the  operator's  control  activity  (Fig.  8).  Linearity  tends,  with 
Increasing  gain  of  the  Force  Zero  Shift,  towards  unity,  l.e.  the  pilot  does 
not  waste  much  energy  on  Irrelevant  frequencies. 

This  high  degree  of  linearity  permits  a  consideration  of  the  pilot's  measured 
activity  In  terms  of  the  parameters  of  the  well  known  pilot  describing  function 
In  Its  purely  linear  form  (Fig. 
quite  remarkable.  For  Instance, 
ventlonal  control,  more  than  doubles  Its  value 
o  ■  60.  It  does  not,  at  this  FZS  gain,  limit  Itself  to  the  Reference  Gain  which 
would  result  from  just  blocking  the  control  column  motion  by  the  appropriate 
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|.  9).  The  changes  In  some  of  the  parameters  are 
i,  trie  pilot's  gain,  K p,  related  to  that  with  con- 
loubles  Its  value  at  the  moderate  FZS  gain  of 
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rwctlon  fores.  The  pilot  obviously  adjusts  his  Kp  to  suit  the  task.  In  fact,  It 
Is  to  be  noted  that  the  test  subjects  always  tried  to  Increase  Kp  to  such  a  value 
that  the  remaining  phase  margin  Judged  to  be  necessary  for  system  stability 
stayed  at  about  40°. 

The  most  remarkable  change  occurs  In  the  time  delay  parameter,  t,  which  drops 
drastically  to  an  Imperceptibly  low  value  at  c  ■  6&  or  more  (note  the  sensi¬ 
tivity  of  the  scaling  In  the  ordinate  of  Fig.  9.).  The  neuromuscular  time  con¬ 
stant,  Tm  ,  first  rises  slightly  but  decreases  once  t  has  gone  to  zero,  and  It 
disappears  at  a  gain  setting  of  a  •  12°  or  more.  The  effect  of  this  near-ell- 
mlnatlon  of  the  human  reaction  delay  times  manifests  Itself  In  the  much  Im¬ 
proved  phasing  of  the  pilot's  control  reactions  to  the  demands  of  the  forcing 
function. 

In  Fig.  10,  the  pilot's  open  loop  crossover  frequency  and  the  phase  margin  are 
plotted  against  the  FZS  gain  parameter.  This  emphazlses  what  hat  just  been  said: 
The  human  operator  utilizes  the  phase  advance  gained  through  the  reduction  of  t 
and  Tn  In  order  to  Increase  his  gain  factor,  Kp,  until  the  remaining  phase 
margin  puts  a  limit  on  further  increases.  The  corresponding  crossover  frequen¬ 
cy,  ur,  monotonlcally  Increases  with  the  FZS  gain.  Thus,  the  Active  Manipulator 
permits  the  operator  to  correct  tracking  errors  more  rapidly  and,  consequently, 
to  Increase  tracking  accuracy. 

Another  Interesting  aspect  of  the  Active  Manipulator  Is  shown  In  Fig.  11,  During 
the  whole  period  of  an  unskilled  operator's  training  phase,  the  tracking  accuracy 
Is  twice  as  good  with  a  Force  Zero  Shift  gain  of  a  •  6°  as  with  a  conventional 
control  (o  ■  0),  and  the  Initial  learning  phase  compares  even  better;  the  ope¬ 
rator  adapts  more  quickly  to  the  control  task.  In  fact,  a  constant  level  of  per¬ 
formance  Is  reached  after  only  10  test  runs  compared  with  20  for  conventional 
control.  In  Fig,  12,  It  becomes  obvious  that  the  tracking  performance  Is  much 
nearer  the  linear  optimum  right  from  the  start. 

The  essential  point  of  any  explanation  for  this  and  for  the  positive  results 
shown  earlier  Is  the  fact  that,  with  the  kinesthetic  cues  of  the  Active  Mani¬ 
pulator,  there  Is  neither  a  chance  for  an  error  nor  a  reason  for  hesitation  to 
apply  the  control  Input  In  the  correct  direction.  To  put  It  In  a  simplified 
form: 

The  pilot  Is  compelled,  by  Instinctive  reaction  to  the  force  cue,  to  give  a 
control  Input  In  the  required  phase,  After  that,  It  only  remains  for  nlm  to 
adjust  the  amplitude  of  his  response  to  the  magnitude  of  the  stimulus. 

FURTHER  STUDIES 

In  order  to  obtain  a  first  Indication  on  the  applicability  of  the  Active  Mani¬ 
pulator  In  real  life  control  tasks,  two  further  steps  In  the  simulator  Investi¬ 
gation  were  taken.  The  plant  characteristics  were  modified  with  respect  to  gain 
and  time  constant.  Increases  In  gain  showed  a  much  Improved  linearity  throughout 
the  pilot's  responses,  whereas  that  of  the  conventional  control  deteriorated 
considerably  with  Increasing  plant  gain.  The  time  constant  of  the  l»t  order 
plant  was  varied  from  zero  to  1.5  seconds.  The  linearity  deteriorated  only 
slightly  from  0.98  to  0.92,  but  the  average  rms  tracking  error  (Fig.  13)  Increa¬ 
sed  considerably,  as  would  be  expected.  This  can  be  cured  by  shaping  of  o(e). 

But  even  without  this,  the  deterioration  was  much  less  than  that  for  conventio¬ 
nal  control. 
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First  flight  tests  were  performed  on  a  Dornler  Skyservant  aircraft  with  command 
control  (Figs.  15  and  16).  Stick  force  fore  and  aft  commanded  vertical  accele¬ 
ration,  n,  and  sideways  force  commanded  yaw  acceleration,  ffi.  Stepwise  changes 
of  heading  manoeuvres  were  performed  with  and  without  the  Active  Manipulator. 
Control  was  remarkably  Improved  with  respect  to  heading  accuracy  as  well  as 
control  smoothness  when  the  Active  Manipulator  was  employed.  The  same  striking 
improvement  was  observed  with  stepwise  changes  In  rate  of  descent, 

We  are  confident  that  the  Active  Manipulator  will  prove  an  eKcellent  means  to 
enable  the  pilot  to  "stay  In  the  loop"  with  largely  automated  flight  control. 

He  can  more  effectively  control  the  aircraft,  providing  that  a  source  of  air¬ 
craft  state  Information  Is  available  for  the  Force  Zero  Shift. 
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Fig.  7  Average  Power  Spectral  Density  of  Tracking  Error 


Fig.  8  Average  Linear-Coherence  Coefficient 
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Fig.  14  Frequencies,  Number  of  Periods  and  Amplitudes  for  the 
Components  of  the  Forcing  Function 
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CONTROL/DISPLAY  SYSTEM  SYNTHESIS  USING  CLOSED 
LOOP  PERFORMANCE  CRITERIA  AND  PILOT  MODELING 

John  E.  Harr 
Flight  Sciences  Division 
Loekheed-Georgla  Company 
Marietta,  Georgia  30063 


ABSTRACT 


A  sufficient  condition  for  good  aircraft  handling  qualities  Is  that  no  pilot  equalisation 
Is  required  to  obtain  the  desired  response.  The  "desired  response"  Is  defined  In  terms  of 
the  elosed-loop  control  characteristics. 

For  a  given  aircraft/  and  assuming  a  priori  that  the  pilot  does  not  Introduce  equalisa¬ 
tion/  the  control/display  system  requirements  moy  be  obtained  by  extracting  the  aircraft 
and  pilot  models  from  the  model  of  the  desired  closed-loop  performance.  Control  and 
display  system  parametric  control  lava  have  been  examined  by  this  technique  for  lightly 
damped  and  unstable  aircraft.  The  use  of  compensation/  as  well  as  conventional  augmen¬ 
tation/  has  been  considered  with  Interesting  ramifications. 


INTRODUCTION 


Most  of  the  handling  quality  criteria  of  the  past  have  been  based  on  experience  which 
Indicates  that  good  handling  qualities  result  when  the  characteristics  of  one  of  the  elements 
of  the  control  loop,  the  aircraft  Itself,  ere  within  certain  bounds.  If  these  characteristics 
are  not  Inherent  In  the  aircraft  design,  the  approach  has  usually  been  to  augment  them 
with  a  conventional  stability  augmentation  system.  However,  all  manual  control  systems 
are  In  reality  elosed-loop  controls  with  the  control  loop  consisting  of  the  (attitude  error) 
display,  the  pilot,  the  forward  loop  control  elements  and  the  aircraft  (with  or  without 
stability  augmentation).  Therefore,  tt  is  plausible  to  Introduce  compensating  character¬ 
istics  Into  the  display  or  forward  loop  control  to  provide  desirable  handling  qualities, 
since  “the  pilot  evaluates  the  total  response  of  the  airplane  to  his  Inputs  and  Is  not  con¬ 
cerned  with,  or  aware  of,  the  characteristics  of  the  Individual  elements  whleh  combine 
to  produce  that  response"  (Reference  1), 

Results  of  past  handling  quality  criteria  Investigations  and  pilot  modeling  studies  have 
shown  that  a  sufficient  condition  for  satisfactory  handling  qualities  Is  that  the  pilot  ts  not 
required  to  Introduce  dynamics  Into  the  control  loop  (References  t  and  2).  For  a  given  air¬ 
craft,  and  assuming  a  priori  that  the  pilot  does  not  Introduce  equalisation,  requirements 
for  various  display  or  control  compensators,  augmentation  schemes,  or  combinations,  may 
be  derived  from  known  desirable  closed-loop  characteristics.  This  technique  was  used  by 
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Chin  and  Booth*  in  designing  augmentation  systems  for  fightsr  aircraft  (R*f*r*nc*  3),  but 
previous  application!  to  tho  doiign  of  componiaton  or*  not  known. 


CLOSED-LOOP  CRITERIA 


Closed-loop  performance,  which  remits  tn  satisfactory  handling  qualities,  has  been 
defined  In  terms  of  the  closed-loop  frequency  response  (References  2  and  4).  Basically, 
the  requirement  is  that  the  frequency  response  should  be  flat  from  zero  frequency  to  some 
bandwidth,  BW,  value.  The  value  of  BW  depends  upon  the  aircraft;  It  tends  to  be  about 
3  radians  per  second  for  light,  highly  maneuverable  aircraft  and  about  2  radians  per  second 
for  heavy  aircraft.  Low-frequency  droop,  where  the  amplitude  ratio  drops  below  three 
decibels,  Is  not  acceptable.  A  bandwidth  of  lest  than  BW  Is  not  acceptable,  If  a  resonant 
rise  In  the  frequency  response  occurs,  It  Is  undesirable  that  It  exceeds  3  decibels  and  un¬ 
acceptable  for  It  to  exeeed  about  10  decibels.  These  requirements  are  generally  con¬ 
sistent  with  the  alosed-loop  "criteria"  given  by  MaRuer  In  Reference  1 . 


PILOT  ADAPTATION 


The  classical  pilot  model  it  made  up  of  three  basically  Independent  parts.  The  first  Is 
his  reaction  time  delay  (and  neuromuscular  lags)  over  which  he  has  no  adjustment  capabil¬ 
ity;  the  second  Is  the  equalization  which  he  adapts  depending  upon  the  dynamics  of  the 
remainder  of  the  control  loop;  and  the  third  is  his  gain.  In  what  follows  It  Is  assumed 
that  the  dynamics  of  the  control  loop  are  such  that  the  pilot  has  no  need  to  introduce 
equalizing  dynamics,  and  therefore,  he  does  not.  It  Is  assumed,  however,  that  he  ad- 
lusts  his  gain  to  achieve  the  desired  bandwidth. 


THE  ANALYSIS  METHOD 


Consider  a  statically  unstable  aircraft  with  the  pitch  angle,  9,  controlled  by  the 
elevator,  The  transfer  function  may  be  represented  by: 
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Neglecting  the  pilot's  reaction  time  delay  for  the  moment,  the  pilot  is  represented  as  a 
simple  gain,  Kp,  This  gain  Is  the  amount  of  elevator  Introduced  per  unit  error  between 
the  desired  and  actual  pitch  angles.  The  block  diagram  for  this  attitude  control  loop  Is 
shown  In  Figure  1 , 
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Figure  1«  Piloted  Attitude  Control  Loop  -  Umtoblo  Aircraft 
The  clotod-loop  transfer  function,  rotating  the  actual  attitude  to  the  doilrod  attitude 
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where  the  natural  frequency,  u>,  In 


and  the  damping,  £,  lit 


By  ad|uettng  hli  gain  the  pilot  can  maintain  the  deitred  eloied-ioop  natural  frequenoy 
but  the  damping  It  negative  at  all  frequencies,  The  eloiocHoop  criteria  can  not  be  met. 
Therefore,  the  auumptlon  that  the  pilot  acts  as  a  simple  gain  Is  Invalid  In  this  case  and 
the  sufficient  condition  for  acceptable  handling  qualities  Is  not  met. 


Th#  Addition  of  SAS 


Consider  th*  torn*  aircraft  but  with  th*  addition  of  a  pitch  rat*  feedback  SAS,  Th* 
c loud- loop  attitude  central  ts  shown  In  block  diagram  form  In  Figure  2,  Th#  transfer 
function  relating  actual  attltud*  to  desired  attltud*  1st 
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as  before,  but  the  damping  Is  nowt 
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If  Kp,  th*  gain  of  th*  pitch  rat*  feedback,  Is  mad*  sufficiently  large  the  damping  may 
be  set  at  any  desired  positive  value  and  acceptable  handling  qualities  attained  by 
satisfying  th*  closed-loop  criteria,  Note,  however,  that  the  positive  part  of  th*  damping 
expression  Inoludes  th*  aircraft  gain  parameter,  This  gain  varies  with  airspeed.  To 
keep  th*  rang*  of  damping  within  acceptable  limits  over  th*  flight  envelope,  It  Is 
necessary  to  vary  th*  SAS  gain,  Kp,  as  a  function  of  airspeed.  This  galrv-varylng  feature 
obviously  adds  to  the  system  complexity. 


Control  Compensation 

Consider  once  again  th*  same  unstable  aircraft  but  with  th*  addition  of  a  compensator 
between  th*  pilot  and  the  elevator  deflection  (and  without  SAS.)  A  compensator  whleh 
produces  an  elevator  deflection  equal  to  th*  pilot's  Input  plus  a  deflection  proportional  to 
the  rate  of  change  of  th*  pilot's  Input  Is  shown  In  th*  block  diagram  for  this  system, 

Figure  3, 
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PILOT  AIRCRAFT 


Figure  2.  Unstable  Aircraft  With  SAS 


PILOT  COMPENSATOR  AIRCRAFT 


Flguto  3.  Unstable  Aircraft  With  Control  Compensation 


The  cloeed-loop  transfer  function  1st 
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Again  changing  the  form  of  the  denominator 
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where,  once  mere: 


Aeoeptable  closed-loop  damping  value*  ean  usually  be  attained  by  selecting  a  large 
enough  value  of  the  compensator  parameter,  Tr.  It  Is  Important  to  note  that  the  positive 
term  In  this  damping  expression  does  not  contain  the  aircraft  gain  parameter,  K^,  as  Is 
the  ease  If  damping  Is  provided  by  a  5SS. 

A  condition  which  limits  the  use  of  a  control  compensator  of  the  form  shown  Is  that  the 
resulting  lead  term  In  the  numerator  of  the  closed-leap  transfer  function  will  eaus*  a  rise 
In  the  frequency  response  which  may  be  unacceptable  If  T-  Is  too  large.  Thus,  Tc  must  be 
large  enough  to  provide  the  desired  damping  but  not  so  large  as  to  produce  an  unacceptable 
rise  In  the  frequency  response,  The  efficacy  of  this  type  of  compensation,  therefore,  Is 
reduced  as  decreases. 


Display  Compensation 

With  the  same  unstable  aircraft  as  before,  the  addition  of  a  pitch  rate  command  dis¬ 
play  compensator  can  produce  acceptable  closed-loop  characteristics.  A  means  Is  pro¬ 
vided  to  allow  the  pilot  to  match  the  pitch  rate  to  the  difference  between  the  desired 
attitude  and  the  actual  attitude.  His  control  action,  In  this  case,  Is  proportional  to  the 
error  In  this  matching  process.  Figure  4  Is  a  block  diagram  of  the  control  loop,  where  It 
Is  again  assumed  that  good  handling  qualities  are  achieved  and  the  pilot,  therefore,  acts 
as  a  simple  gain. 
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EBSIBISS 


Figure  4.  Unstable  Aircraft  With  Display  Compensation 
The  closed-loop  transfer  function  1st 
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Damping  In  this  ease  1st 
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This  expression  is  remarkable.  Not  only  Is  the  damping  Independent  of  the  aircraft  gain 
parameter,  but  because  the  numerator  of  the  closed-loop  transfer  function  Is  simply  unity, 
there  Is  no  limit  to  the  maximum  value  of  the  stabilizing  parameter,  Kn,  In  achieving  the 
desired  closed-loop  damping ,  u 


CONSIDERATION  OF  PILOT  REACTION  TIME 


The  pilot's  reaction  time  delay,  omitted  above  to  permit  a  leu  cluttered  explanation 
of  the  analysis  method,  may  be  Included  by  assuming  the  pilot's  describing  function  to  bet 


This  more  representative  expression  still  assumes  that  the  handling  quality  criteria  for  the 
closed-loop  system  are  satisfactory  and  the  pilot  Intreduees  no  equalisation  It  Is  also 
still  assumed  that  the  pilot  adjusts  his  gain  to  achieve  the  target  bandwidth. 


Control  Compensation 

Consider  the  control  of  Figure  3  but  with  the  pilot  represented  by  the  doserlblng 
function  above.  The  closed-loop  transfer  function  beeomesi 
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Assume  the  form 
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Parametric  expressions  for  u>,  5  and  T  may  bo  derived  and  the  product  Kp  eliminated 
from  them.  Substituting  known  (References  2  and  3)  numerical  values  for  u>  and  r  and 
solving  for  damping  as  a  function  of  the  compensator  time  constant,  Tg,  for  fixed  values 
of  the  aircraft  divergent  time  constant,  T^,  results  In  a  relatively  simple  quadratic  form. 
For  example,  with 

u)  •  2  radtani/iec  and  r  ■  0,3  second 


and  with  assumed  aqua  I  to  2  seconds: 
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Plot*  of  the  closed-loop  damping  versus  the  compensator  tima  constant  art  shown  In 
Flguro  5  for  throo  values  of  T^,  Soloetlng  a  valuo  for  damping,  tho  valuo  of  T  may  bo 
obtained  from  tho  expression: 
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Figure  5.  Damping  of  Quadratic  Versus  Compensating  Parameter 
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Thus,  a  closed-loop  frequency  response  may  be  plotted,  as  shown  In  the  upper  curve  of 
Figure  6,  for  the  parameter  set: 


ta  *  2 

t  ■  0,3 
to  ■  2 
Tc  ■  1 . 15 
C  -  0.35 
T  -  0.79 


assumed  for  aircraft 
assumed 

assumed  (maintained  by  pilot  gain  adjustment) 
selected 

eomputed  (see  Figure  5) 
computed 


This  frequency  response,  while  considerably  Improved  over  the  uncompensated  ease, 
does  not  result  In  satisfactory  handling  qualities,  since  the  resonance  exceeds  three  decibels. 
If  the  compensator  time  constant  Is  Increased,  the  numerator  term  tends  to  Increase  the 
resonance.  On  the  other  hand,  a  decrease  In  the  compensator  time  constant  tends  to  de¬ 
crease  the  damping  of  the  denominator  quadratic  which  also  Increases  the  resonanoe. 

Satisfactory  handling  qualities  can  be  obtained  with  this  type  compensator  If  the  air¬ 
craft  divergent  time  constant  Is  somewhat  larger. 


Display  Compensation 

Considering  the  system  of  Figure  4,  but  with  the  more  realistic  pilot  model,  a  similar 
analysis  may  be  performed.  The  closed-loop  transfer  function  for  this  case  1st 
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The  expressions  for  damping  and  denominator  time  constant  turn  out  to  be  Identical 
to  those  for  the  control  compensator  case  above  but  with  the  display  gain  KQ  substituted 
for  Tgt  (Note  that  Figure  5  shows  the  ordinate  as  Tc  or  Kp.) 

The  lower  frequency  response  In  Figure  6  ts  for  a  display  compensated  case,  where  all 
other  parameters  are  the  same  as  the  control  compensated  case.  Satisfactory  handling 
qualities  are  Indicated  because  the  closed-loop  characteristics  meet  the  criteria.  Higher 
values  of  Kq  would  afford  satisfactory  handling  qualities  with  even  lower  values  of  the 
aircraft  divergent  time  constant, 
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CAVEAT 


The  parametric  analysts  method  l<  useful  for  syntheslxlng  control  systems  In  general 
and  compensation  techniques  In  particular.  Insight  Into  the  effects  of  various  parameters 
and  the  sensitivity  of  the  response  to  parametric  variations  or  tolerances  Is  provided. 
However,  care  must  be  taken  to  consider  realistic  limitations  such  as  limiting  the  pilot 
gain  to  acceptable  values,  and  control  surface  deflection  and  rate  limits.  As  the  air¬ 
craft  and  system  models  become  more  exact,  and  Involved,  parametric  analyses  became 
extremely  tedious. 


RADIANS  PER  SECOND 


Figure  6 .  Closed- Loop  Frequency  Response 
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INVESTIGATION  OF  A  CONTROL  DEVICE  WITH  FORCE  INPUT  AND 
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Abstract 


In  manual  control  Information  about  tho  vehicle  dynamic  bthaylor  aan  bo 
advantageous  for  tho  oporator.  With  low  frequency  lystomi  It  must  bo  determined 
wether  tho  advantage  of  kinesthetic  feedback  can  be  utilized  for  the  slow  move¬ 
ments,  because  technical  complexity  and  costs  Involved  are  at  a  relatively  high 
level,  This  studio  oompares  two  two-handed  yoke  controls  with  the  control 
functions  of  (1)  displacement  Input  and  (2)  force  Input  with  positional  feedbaok 
as  a  kinesthetic  display  of  vehicle  response.  In  experiments,  eight  subjects  had 
to  reaoh  command  values  as  quickly  as  possible  controlling  tho  low  frequency 
system  output  variable  and  Its  derivative  (depth  and  vertical  rate  of  a  simulated 
submarine).  The  values  obtained  show  that  the  technical  complexity  Involved 
In  a  control  with  forae  Input  and  positional  feedback  Is  not  worthwlle  for  the 
single-axis  vehicle  dynamic  chosen. 


Introduction 

In  man-machine-systems  the  main  task  of  the  human  operator  is  often  manual 
control.  Even  If  vehicle  steering  is  done  automatically,  In  certain  situations 
the  human  operator  has  to  take  over  totally  or  partly  (semi-outomatle).  Design  of 
displays  and  controls  should  be  compatible  with  the  psychophysical  characteristics 
of  the  human  controller. 

Figure  1  shows  the  principle  relationships  of  a  mon-machine  system.  The  operator 
receives  display  Information  about  the  desired  and  actual  states  of  the  system, 
and  by  means  of  control  devices  he  makes  Inputs  to  the  system  as  required  by 
the  differences  between  displayed  values  and  dynamic  plant  characteristics. 

In  every  human  control  action  there  Is  also  proprioceptive  feedbaok.  This 
nonvlsual  feedback  signal  (upper  dashed  path)  provides  passive  Information  about 
the  state  of  the  control,  characterized  by  its  movement  resistance  [1]  ,  [2]  . 
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Figure  1  i  Bloekdlogram  of  a  simplified  man-machine-system 

In  addition  through  proper  deilgn  the  eontrol  device  eon  provide  feedback  (lower 
daihed  path)  from  the  controlled  system  by  making  the  control  active.  In  the 
active  cate  operators  force  Is  the  Input  signal,  while  position  (displacement)  of 
the  control  device  Is  driven  by  the  system  [3] ,  [4]  . 

With  use  of  such  a  technique  the  operator  Is  given  a  positioning  task  by  over¬ 
coming  forces  of  various  strengths  In  the  case  of  fast  reacting  systems.  For  low 
frequency  systems  the  "positioning  feeling"  is  not  evident  because  of  the  long 
log  times.  However,  kinesthetic  Information  remains  In  addition  to  the  visual 
channel . 

In  order  to  evaluate  the  advantages  of  a  force  oontrol  device  with  position  feed¬ 
back  in  a  low  frequency  system  the  following  investigation  was  conducted 
simulating  a  submarine  type  vehicle. 

Submarine  control  Is  a  very  complex  task  for  the  human  operator.  He  has 
monitoring  decision-making  and  controlling  tasks.  For  this  reason  It  Is  very  Im¬ 
portant  to  look  very  carefully  at  the  Interface  between  the  human  and  the 
machine  during  the  conceptual  phase.  Different  proposals  have  to  be  considered. 
Just  so  at  the  fixations  of  the  function  of  the  eontrol  devise. 


Posing  the  problem 


Submarine  depth  Is  dynamically  changed  by  displacement  of  bow  and  stem  planes; 
course  by  the  rudder.  The  simulated  submarine  in  our  experiments  hod  a  semi- 
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automatic  mode  (H-mode).  That  It  the  submarine  is  controlled  by  varying  vertical 
rate  and  turn  rate,  The  operator  controls  these  parameters  by  making  inputs  via 
a  yoke  to  the  so  called  "steering  computer",  which  continuously  determines  from 
these  Inputs  and  Instantaneous  state  variables  the  required  motions  of  the  rudder 
and  planes. 

Good  results  by  MERHAV  [4]  with  active  kinesthetic  feedback  In  high  frequency 
systems  led  to  our  hypothesis  that  similar  benefits  may  possible  with  low  frequenoy 
systems.  With  kinesthetic  feedback  of  vertical  rate  and/or  course  as  conveyed 
by  the  active  motion  of  the  control  yoke  the  visual  channel  of  the  operator 
might  be  unburdened.  This  could  result  In  better  control  performance.  But  because 
of  additional  control  complexity  and  costs,  it  Is  necessary  to  evaluate  oost- 
effectiveness  of  alternative  control  methods  before  developing  a  new  oontrol 
device. 


Figure  2  j  Depth  control  by  a  spring  centered  control  (passive) 


Figure  3  i  Depth  control  by  force  input  with  displacement  fee&aek 
(active) 
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In  figures  2  and  3  schematic  outline*  of  our  alternative  control  device*  are 
presented.  Figure  2  Illustrate*  the  control  device  without  active  kinesthetic 

•  •  i  ■  •  • 

feedback.  The  displacement  value*  of  the  yoke  are  measured  by  a  senior  and 
trammltted  to  the  "iteerlng  computer".  Thl*  control  device  I*  called  passive 
because  the  kinesthetic  feedback  Is  only  passive  Information  about  the  control 
device  Itself.  Figure  3  shows  the  control  device  with  active  klnesth*tle  feed- 
back.  The  Input  to  the  yoke  Is  now  measured  by  a  fore*  sensor.  The  Information 
is  transmitted  to  the  "steering  computer"  as  with  the  passive  control  devlee. 

But  now  there  is  a  feedback  of  vertical  rate  or  turn  rate  to  an  activator,  which 

Is  mechanically  moving  the  yoke  proportional  to  these  values.  We  have  called 
this  oontrol  device  with  active  kinesthetic  feedback  the  "active"  control  device. 

A  comparison  of  these  two  yokes  In  their  control  function  and  performance  was 
made  with  an  analog,  linear  simulation  of  a  submarine. 


Controlled 


The  basis  for  the  simulation  of  the  submarine  dynamic  are  the  equations  of 
GERTLER  [5]  .  It  was  necessary  to  only  consider  the  depth  axis,  because  that 
Is  the  more  difficult  on*.  At  10  kts.  the  submarine  will  be  controlled  In  depth 
only  by  the  stemplanes.  The  transfer-function  for  our  system  which  Is  a  very 


low-frequency  system  with  great  Instability  Is  * 


Z(s)  ■  depth  ■  output 

*  (s)  ■  sternplane  ■  input 

displacement 


Figure  4  represents  the  maneuver  for  a  "verttele  overshoot"  at  10  kts.  with  a 
sternplane  angle  of  ±  12°. 


Figure  4  i  Maneuver  "vortlcl*  ovanhoot"  at  10  kt». 
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Figure  5  t  Control  yoka  (from  GARTNER  [6] ) 
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Experimental  set-up 

Th«  control  yokes  (tea  fig.  5)  Hava  two  rotating  axes  i  course  and  depth,  but 
only  the  depth  axis  Is  used  In  this  experiment.  The  yoke  Is  linked  to  a  torque- 
motor,  which  is  controlled  by  an  analog  computer.  This  equipment  makes  It 
possible  to  reproduce  either  an  Isometric  control  device  with  displacement  feed¬ 
back  or  a  spring-centered  device.  The  active  device  Is  damped  electrically  by 
a  rate  controller  and  In  addition  by  a  mechanical  damping.  On  both  aontrol 
Input  force  Is  measured  with  strain  gauges.  After  exceeding  a  level  of  *  1 .78  Nm 
(dead  zone)  an  Integrator  Is  used  to  drive  the  command  painter  for  vertical 
rate  Z  (see  fig.  6).  The  spring  constant  of  the  spring-centered  control  devlee 
Is  c  ■  .65  Nm/degree. 

If  there  Is  a  force  or  displacement  on  the  yoke,  which  Is  higher  than  the  level 

* 

of  the  dead  zone,  the  command  value  of  Z  will  be  changed  proportional  to  the 
Input  force  Or  displacement.  The  PID- controller  compares  command  and  actual 
values  and  generates  control  signals  with  less  than  a  5  percent  overshoot  of 
vertical  rate  even  with  step  command  Inputs.  The  running  time  for  the  planes 
for  full  deflection  Is  12.5  seconds  (±  25  degrees). 


digital  computtr  display* 


Figure  6  i  Slock  diagram  of  the  experimental  set-up 

Figure  6  shows  the  connections  of  the  experimental  set-up.  The  simulation  of 
the  submarine,  the  controller  for  the  vertical  rate,  and  the  control  of  the 
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torque -motor  or*  done  on  tho  analog  eomputor.  The  output*  of  the  analog 
computer  are  the  *tate  variable*  Z  and  £  which  are  dliplayed  and  recorded. 
Ordered  depth  command*  to  the  tubjeeti  are  generated  by  a  digital  program 
and  dliplayed  numerically.  In  addition/  the  change*  of  ordered  depth  ore 
acouitlcally  Indicated  by  a  buzzer, 

Experimental  Method 

The  Intention  of  the  *em (-automatic  mode  I*  to  provide  operator  unburdening 
without  reitrlctlng  the  uie  of  the  full  dynamic  variability  of  the  tubmarlne.  The 
main  operator  ta*k  I*  to  change  depth  and  especially  to  do  this  a*  quickly  a* 
poulble,  Acouracy  In  reaching  the  new  depth  I*  not  to  Important  In  many 
million  situation*.  But  for  measurement  purposes  the  operator  must  be  motivated 
to  alto  stabalize  as  quickly  as  possible  at  the  new  depth  and  a  depth  "window" 
must  be  established  as  a  measurement  criterion  for  saying  when  the  depth  change 
maneuver  Is  completed.  For  these  reasons  we  changed  the  task  description  for 
the  sub|ects  accordingly. 


Figure  7  i  Used  display  with  the  scales  of  vertical  rate  and  depth 

The  subject's  display  (fig,  7)  Incorporates  a  depth  scale  and  a  vertical  rate 
scale  with  the  command  and  actual  rate  pointers.  Time  histories  for  a  depth 
transition  are  shown  In  figure  6.  After  the  order  to  change  to  a  new  depth  the 
subject  produces  a  force  at  the  yoke.  As  a  result  the  command  pointer  of  the 
vertical  rate  changes,  but  only  If  yoke  force  exceeds  a  minimum  level.  The 


simulated  beat  Is  next  to  respond  and  the  sub|eet  has  to  fudge  when  It  is 
appropriate  to  "pull-out"  for  the  new  depth.  When  the  subject  staballces  at 
th*  new  depth  within  a  pre-determlned  tolerance  range  tor  a  fined  time,  the 
maneuver  Is  considered  completed.  These  criteria  values  are  not  ,  known  by  the 
subfeat,  A  further  requirement  during  this  maneuver  Is  to  nullify  Z  y. 


ordered  depth;  80m 


I 


lore*  input 


Figure  8  :  Schematic  time  histories  during  a  depth-transition 


The  time  parameters  and  tolerance  ranges  are  defined  In  figure  9.  The  ordered 
depth  Is  considered  to  be  reached,  when  the  depth  window  expression 
|Z  -  Zor(j#r#(1|  <  1.2  m  during  6  i  Is  fulfilled.  T&  is  th*  time  required  to 
reach  a  distance  of  5  m  from  th*  ordered  depth,  which  w*  call  the  approximation 
time.  The  first  entrance  Into  th*  Z-wIndow  Is  measured  by  Tj ,  th*  definite 
entrance  Is  measured  by  T^,  In  example  A,  Tj  ■  T^,  In  example  ^  T^  Is 


mm 


m 


greater  than  Tj.  The  time  after  Tq  until  the  end  of  the  Z-wIndow  it  called 
During  thit  time  root-mean-square  (RMS)  depth  error  will  be  computed 
(iMjpifment  eiror).  This  it  the  effective  depth  error  occurring  between  the  time 
of  reaching  the  5  m  distance  until  the  end  of  the  Z-wIndow. 


Figure  ?  i  Definition*  for  a  depth  transition 

In  addition  to  the  main  task  a  side  task  was  used  to  enhance  our  measurement 
of  performance  and  testing  of  the  hypothesis  that  there  Is  visual  unburdening 
by  active  proprioceptive  feedback.  The  "warning  light"  side  task  of 
EPHRATH  [7]  was  selected.  It  consists  of  two  small  red  lights  mounted  above 
each  other  outside  the  subject's  perlpherical  visual  field.  During  the  run  the 
upper  or  lower  light,  with  equal  probability,  lights  up  and  Is  followed  again 
by  another  illumination  after  a  duration  varying  randomly  between  .5  and  5  s. 
A  correct  response  by  the  sub|eet  Is  to  turn  off  the  light  by  pushing  the 
appropriate  push  button  mounted  on  the  left  side  near  the  yoke.  The  turn-off 
response  must  be  given  within  two  seconds  of  illumination.  If  not,  the  light 
extinguishes.  Reaction  time  and  number  of  wrong  responses  were  measured  and 
workload  Index  was  calculated. 

To  counterbalance  transfer  effects  we  used  two  groups  of  four  subjects  each  and 
each  group  started  with  a  different  type  of  control  device.  The  use  of  four 
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subjects  woi  judged  to  be  enough  for  determining  the  practical  performance 
differencei  (rather  than  statistical  significance!)  to  help  us  to  answer  the 
question  of  the  cost-effectiveness  of  the  control  device  with  active  kinesthetic 
feedback. 

After  training,  each  subject  had  to  perform  6  runs  with  6  depth  transitions  In 
each  run  for  each  type  of  oontrol  device.  Finally,  there  were  two  additional 
runs  for  each  subject  with  both  control  devices  to  permit  the  collection  of 
comparative  subjeotlve  data,  that  is  subjective  ratings  and  questionnaires. 

Each  experimental  run  lasted  about  10  minutes.  Two  runs  were  made  daily  in 
the  mornings.  A  pause  of  5  minutes  was  given  between  runt. 


I 


Results 


To  measure  how  quickly  ordered  depth  changes  are  made  the  time  parameters  Tq 
and  T^  are  the  most  Important  dependent  variables.  In  figure  10  the  average 
approximation  times  Tq  and  the  average  adjustment  times  are  shown  for  each 
of  the  runt  for  both  groups.  Each  data  point  represents  the  average  of  4  subjects. 
Remarkable  differences  between  the  test  conditions  force-control  and  dltplaoe- 
ment-control  were  found  out  neither  in  the  approximation  time  Tq  nor  in  the 
adjustment  time  T^. 


o  group  1(4  tub)) 

A  group  2 (Stub)) 

run 

12  3  4  8  I  TTl  10  11  12 


o  group  1  (Stub)) 

A  group  2(*subJ) 

run 

1  2  3  4  S  I  7  •  9  10  11  12 


Figure  10  :  Approximation  time  Tq  and  adjustment  time  T^ 
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Another  criterion  for  the  property  of  o  depth  transition  may  be  given  by  the 
adjustment  error  REFE  (RMS  depth  error  during  T^p).  Figure  11  shows  that 
there  are  no  significant  differences  between  the  two  test  conditions.  ' 


The  next  step  was  to  evaluate  the  side  task  to  get  a  workload  Index  for  the 
main  task  [8]  .  This  workload  Index  consists  of  two  parts  [7]  t  (1)  RTR,  the 
response-time  ratio  for  both  "hits"  and  "misses" 

cummulatlve  latency  (£j  Tj) 

^  "  total  number  of  stimuli  *2  s 

and  (2)  MR,  the  miss-rate 

<j> 

u»  number  of  stimuli  missed 
total  number  of  stimuli 

After  weighting  the  workload  Index  is 

WLX  [%]  •  55.5  [%]  •  RTR  +45.5  [%]  •  MR 
Incorrect  and  missed 
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A  worklood  Index  of  100  %  meant  that  the  tub|eet  only  performet  the  main  talk. 


121416  7  I  I  10  II  12  123416  7  B  S  »  11  12 


Figure  12  j  workload  Index  WLX 

Figure  12  ihowi  the  workload  Index  dependent  on  the  tingle  runt  for  each  group. 
On  the  average  group  2  hat  a  difference  between  the  two  eondltloni  force 
Input  (WLX  ■  39.7  %)  and  dliplaeement  Input  (WLX  ■  33.3  %).  The  workload 
index  repreientatton  for  each  iub|ect  of  group  2  let  tuppote  that  the  difference 
It  not  eitabliihed  by  the  yoke  function!,  but  by  random  variation!.  The  verifi¬ 
cation  by  the  WILCOXON-Tett  provei  that  the  difference  It  not  ilgnlfleant. 

In  the  iub|eetlve  rating  the  subjects  had  to  judge  the  difficulty  of  the  talk 
and  the  difficulty  of  command  pointer  adjuitment  dependent  on  the  function  of 
the  yoke.  In  addition  they  had  to  judge  how  much  each  control  device  wat 
helpful  or  embarraitlng.  The  remit!  ore  shown  In  figure  13.  The  performance 
of  the  task  with  the  "force  Input"  control  device  wat  judged  to  be  a  little  more 
difficult  (a).  In  moving  the  command  pointer  there  was  no  priority  given  by 
the  tubjeett  (b),  but  the  active  movement  of  the  yoke  wat  ranked  at  a  little 
helpful  (c).  In  an  additional  questionnaire  the  subjects  had  to  give  a  written 
commentary  and  to  circle  aniwert  of  questions.  Hereby  the  tendencies  of  the 
ratings  were  supported, 


judgement*:  1  =  a  little,  2ft  some,  3 Sver/y  much 
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Figure  13  i  Subjective  rating 


Conclusions 

Thli  study  compares  two  different  single-axis  control  yokes,  aaeh  with  the 
functional  capability  of  either  pure  displacement  input  or  fore*  Input  with  a 
displacement  feedback  as  a  kinesthetic  display  of  vehleie  response.  Beoause 
of  relatively  high  techniaai  complexity  and  aosts  of  the  displacement  feedback, 
the  goal  of  the  investigation  Is  to  determine  practical  performance  differences. 
In  experiments  subjects  had  to  reach  command  values  as  quickly  as  possible 
without  a  large  overshoot  controlling  the  output  variable  of  a  low-frequency 
system  and  Its  derivative,  which  was  also  displayed  klnesthetlcly  In  the  dis¬ 
placement  feedback  condition. 

Results  are  based  on  transition  times,  adjustment  errors  and  Indices  of  a  side 
task.  Statistical  analyses  and  subjective  ratings  and  questionnaires  did  not 
support  a  preference  for  the  force  yoke  with  a  displacement  feedback  to  such 
an  extent  as  tt  would  be  necessary  to  |ustlfy  the  relatively  high  technical 
costs,  Concerning  both,  human  operator  performance  and  costs,  It  is  therefore 


469 


recommanded  to  use  a  control  yoke  with  pure  displacement  Input  In  steering 
one-axis  low  frequency  systems  like  the  one  investigated  here. 
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Abstract 

In  manual  control,  the  performance  of  the  human  operator  can  be  l/fluencod 
by  the  design  of  the  control  device.  Displacement-resistance  characteristics 
are  of  special  Interest  due  to  the  movement  resistance  of  the  control.  In  order 
to  Investigate  several  reaction  forces  of  a  Joystick^  a  series  of  experiments  was 
conducted.  Thereby,  different  experimental  methods  were  used  ami  compared. 
One  goal  of  the  experiments  was  to  find  optimal  control  forces  /as  a  combi¬ 
nation  of  spring  force,  viscous  damping,  and  Inertia  In  continuous  tracking  of 
second-  and  third-order  systems.  Results  show  that  only  spring  force  (gradients 
I.  -3.5  N/cm)  can  Improve  tracking  performance  by  30  percent.  Combining 
the  low  spring  stiffness  of  I.  N/cm  with  damping  (.35  N/cm)  and/or  Inertia 
(2.  kg),  tracking  performance  was  reduced.  Using  higher  stt/fness,  no  Influence 
of  damping  and  Inertia  could  be  Infered.  During  one  expe/tmental  condition, 
subleots  had  the  possibility  to  adlust  spring  stiffness.  Well  trained  subjects 
'  of  1.7  N/c 


were  choosing  a  value 


Introduction 


'em,  on  the  average. 


/ 


In  manual  control  proprioceptive  feedback  should  be  considered  In  designing 
control  resistance  of  the  stick.  Before  the  development  of  servo-systems,  a 
natural  control  feeling  resulted  because  of  the  rigid  mechanical  link  of  the 
control  to  the  vehicle's  control  surface  (e.g,  aircraft  elevator).  Current  servo- 
systems  eliminate  this  control  feel  thereby  requiring  simulated  feel  forces 
through  artificial  feel  systems. 


The  occurrence  of  proper  movement  resistance  would  contribute  to  control  feel 
and  to  operator  performance.  Warning  Information  and  quantitative  feedback  of 
system  state  can  also  be  transduced  by  proper  design  of  the  aontrol  device  In 
order  to  unburden  the  human  operator's  visual  tasks. 
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The  movement  resistance  of  the  control 


When  the  operator  executes  a  control  movement,  his  input  force  F  is  opposite 
to  the  movement  resistance  R  of  the  control.  There  are  four  different  types  of 
resistances  [  l]  caused  by 

-  friction  C 

-  spring  constant  K 

-  viscous  damping  D 

-  Inertia  M 

Total  movement  resistance  R  Is  expressed  by  the  relationship: 

R“C+  K  •  r(t)  +  D  * F(t)  +  M  *F(t), 

whereby,  r(t)  means  the  deflection  of  the  control,  f  (t)  the  rate,  and  P  (t)  the 
acceleration. 


In  general,  every  control  has  more  than  one  type  of  control  resistance,  because 
all  controls  have  some  mass  and  they  are  rarely  frictlonless.  F  r  I  c  t  I  o  n 
usually  ts  disadvantageous  In  manual  control,  especially  for  precise  adjustments 
[2]  and  should  therefore  be  minimized.  Since  friction  Is  only  desired  In  unusual 
casns,  its  effects  are  not  considered  In  the  following  Investigation,  With 
springs,  which  have  a  restoring  force  proportional  to  the  deflection,  the 
operator  can  easily  find  the  zero-position  of  the  control  when  he  doesn't  want 
to  make  control  inputs  to  the  system.  The  higher  the  spring  constant  (t.e, 
stiffness  of  the  spring),  the  better  ts  the  centering  force  of  the  joystick.  With 
viscous  damping  and  t  n  e  r  t  1  a,  the  moving  resistance  of  the  control 
becomes  proportional  to  rate  and  acceleration  of  the  movement.  But  It  ts 
questionable  whether  the  operator  can  use  this  Information  precisely. 


Although  the  Importance  of  movement  resistance  In  manual  control  has  long  been 
known,  especially  in  aircraft  control  [3]  ,  the  few  Investigations,  which  have 
been  made  on  this  topic,  only  consider  some  of  the  aspects  [4],  [5],  [6], 
mostly  using  relatively  simple  control  systems  [7],  [8],  [9],  [  10],  [ll]  . 
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Evaluating  procedural 


To  evaluate  the  effects  of  movement  resistance  on  operator  performance  in  a 
practical  tracking  task  several  measurement  procedures  were  used  and  compared. 
Thereby,  a  range  of  fixed  values  for  the  three  resistance  parameters  were  selected 
and  the  parameter  combinations  were  presented  to  the  sub|ects.  The  performance 
measurement  was  done  In  three  different  ways  : 

(1)  The  first  measurement  method  >  experiments  wtth  fixed  task  difficulty.  This 
standard  method  Is  realized  by  measuring  tracking  error. 

(2)  The  second  measurement  method  i  experiments  wtth  fixed  task  difficulty 
and  side  task.  The  subject  has  to  perform  the  main  task  as  well  as  he 
can  and  he  tries  to  simultaneously  perform  the  side  task  when  he  can. 

The  possibility  of  measuring  performance  wtth  this  approach  Is  based  on 
the  limited  signal  processing  capacity  of  the  humen  operator.  Thus,  for 
example  tf  no  performance  differences  appear  in  the  motn  task,  side 
task  measures  provide  workload  information  In  the  main  task  f  12]  . 

The  lower  the  performance  in  the  side  task  the  leu  is  the  signal  pro¬ 
cessing  capacity  remaining  to  the  subject.  This  means,  that  more  effort 
was  necessary  In  solving  the  main  task. 

(3)  The  third  measurement  method  t  experiments  with  difficulty  varying  as  a 
function  of  performance  (adaptive  simulation  [13],  [  M]).  The  subject 
Is  forced  to  operate  near  his  performance  limit,  l.e.  he  is  almost  totally 
loaded  and  acts  nearly  without  remaining  capacity.  Using  the  adaptive 
technique,  average  performance  during  a  certain  time  Is  measured  In  order 
to  change  task  difficulty  i  relatively  low  tracking  errors  lead  to  higher 
difficulty  levels,  large  tracking  errors  reduce  task  difficulty.  Thus,  the 
obtained  difficulty  can  serve  as  the  dependent  variable. 

Another  way  to  get  stick  resistance  values  could  be  reached  by  the  following  t 
Instead  of  presenting  fixed  Independent  variables  a  final  approach  permitted 
the  subject  operator  to  adjust  the  movement  resistance  parameters  himself. 
Consequently  subjects  should  know  the  whole  parameter  range.  To  avoid  biased 
adjustments  subjects  should  adjust  the  parameters  starting  from  both  high  values 
as  well  as  low  values  so  that  the  mean  of  the  different  values  obtained  ean  be 
used  f  15]  • 
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Tracking  task  and  experimental  set-up 

The  control  task  used  in  the  experiments  is  similar  to  aircraft  control  during 
landing  with  1 LS  In  turbulent  air.  Dynamic  characteristics  of  the  aircraft  are 
much  simplified  and  control  axes  are  uncoupled.  Thus,  the  plant  is  third  order 
In  the  lateral  and  second  order  in  the  vertical  axis. 

To  avoid  stabilization  problems,  an  artificial  horizon  was  displayed,  which  was 
a  first  order  system  with  respect  to  the  joystick  deflection.  An  aircraft  symbol 
was  used  as  the  reference  mark.  The  deviation  from  the  commanded  path  was 
shown  In  the  form  of  a  crosspointer. 

The  operator  control  station  Is  connected  with  a  hybrid  computing  system  via  an 
analog  data  transmission  line  (see  figure  I).  The  analog  computer  (EAI  680 
contains  the  simulation  of  the  vehicle,  the  program  to  generate  the  display  sig¬ 
nals,  and  the  computation  of  the  control  force.  All  other  experimental  control 
aspects  including  error  measurement  and  parameter  variation  is  done  by  the  di¬ 
gital  computer  (SIEMENS  306). 


digital  computer 


analog  computer  interlace 


display 


joystick 


Figure  1  t  Block  diagram  of  the  experimental  set-up 


Figure  2  is  a  photo  of  the  subjects  control  station.  The  control  used  is  a  joy¬ 
stick  of  70  cm  length,  that  can  be  deflected  15  cm  maximal  in  each  direction 
from  Its  center  (neutral  position).  The  movement  resistance  is  generated  by  an 
electrohydraulic  system.  The  distance  between  joystick  and  back  of  the  pilot-seat 
is  55  cm.  Subject's  eyes  are  120  cm  away  from  the  display  screen,  which  is  a 
television  monitor  behind  a  circular  section  of  34  cm  diameter. 


Figure  2  :  Experimental  arrangement 
Experimental  procedure 

Various  associates  were  used  as  subjects  In  the  experiments.  Two  subjects  were 
used  with  the  performance  measurements  presenting  fixed  resistance  parameters. 
Five  subjects  were  employed  with  self-adjusted  resistance  parameters.  The  low 
number  of  subjects  results  from  the  practical  fact,  that  in  very  difficult  task 
well  trained  subjects  provide  better  data  than  relatively  untrained  subjects. 
Training  time  Is  extremely  large  In  relation  to  the  total  experimental  data 
collection  time.  Reasonable  statistical  Inferences  are  still  possible  by  using  a 
large  number  of  runs  for  each  subject. 
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The  subjects'  task  wai  to  minimize  the  deviation  between  crass  pointer  and 
reference  aircraft  symbol  (compensatory  tracking  task).  During  training  they 
only  had  to  compensate  self-induced  deviations.  During  experimental  runs, 
the  task  was  more  diffioult  because  of  the  addition  of  a  forcing  function 
(simulation  of  simplified  gusts).  The  same  stochastic  forcing  function  pattern 
was  used  In  all  tracking  runs.  When  four  consecutive  runs  of  a  certain  move¬ 
ment  resistance  showed  nearly  no  learning  effects,  they  were  taken  as  the 
score  for  this  parameter  combination.  Analysts  of  variance  was  applied  to 
the  data  collected. 

Results  with  fixed  task  difficulty 

The  following  results  are  from  the  method  using  fixed  parameters  of  the  con¬ 
trol  resistance  and  fixed  task  difficulty.  The  movement -resistance  consists  of 
a  parameter  combination  from  the  Independent  variables 

spring  constant  (0,  }.,  2,,  3,5N/cm), 

viscous  damping  (0,  .2,  .35  N/cm/s) , 

Inertia  (0,  2.  kg) 

The  dependent  variable  was  root  mean  square  (RMS)  tracking  error. 

subj  1  tub)  2 


figure  3  t  Tracking  error  as  a  function  of  spring  constant  K  and  viscous 
damping  D 
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Figure  3  shows  the  tracking  error  depending  on  spring  constant  K  and  viscous 
damping  D  of  the  joystick.  In  the  first  experimental  block,  there  was  no  joy¬ 
stick  inertia.  Each  point  in  the  diagram  represents  the  mean  of  four  two-minutes 
runs. 

It  can  ba  seen,  that  tracking  error  Is  significantly  greatest  with  no  joystick 
centring  farce,  l.e.  zero  spring  constant.  Viscous  damping  of  the  joystick  had 
no  consistent  Influence  on  tracking  error,  but  there  was  a  tendency  to  greater 
error  with  spring  constant  1.  N/cm.  There  was  a  strongly  reduced  tracking  error 
with  subject  one  using  spring  constants  1.  to  2.  N/cm  with  low  or  zero  damping. 
For  subject  two,  this  reduction  was  lets. There  was  no  significant  changing  of  the 
tracking  error  for  spring  constants  greater  than  2.  N/cm,  regardless  the  vari¬ 
ous  damping  values. 

In  the  next  block  of  experimental  runs,  the  Influence  of  spring  constant  and 
viscous  damping  was  Investigated  using  a  joystick  with  2  kg  Inertia. 


Figure  4i  Tracking  error  as  a  function  of  spring  constant  K  and  viscous 
damping  D  with  Inertia  (2  kg) 


Principally  the  results  (see  figure  4)  ere  the  same  as  in  the  runs  without  inertia, 
but  performance  differences  were  even  smaller. 


Another  presentation  of  the  results  Is  given  in  figure  5.  Damping  data  were 
pooled  and  tracking  error  as  a  function  of  spring  constant  is  shown  for  both 
subjects  individually  (dashed  lines)  and  averaged  (complete  lines). 

On  the  average,  the  significantly  decreasing  of  tracking  error  was  attained 
as  the  spring  constant  increased  to  1.  N/cm  for  the  zero  Inertia  condition  and 
was  attained  as  spring  constant  Increased  to  2.  N/cm  for  the  "with  Inertia" 
condition.  Tracking  error  remained  the  same  for  all  the  three  spring  constants 
for  the  zero  Inertia  condition,  but  for  the  2  kg  Inertia  condition  only  the 
spring  constants  2.  and  3.5  N/em  showed  the  same  low  tracking  error.  The 
decrease  of  tracking  error  from  zero  centering  force  to  spring  constant  2.  N/cm 
amounts  32  percent  without  inertia  and  21  percent  with  Inertia. 


spring  constant  spring  constant 

Figure  5  i  Tracking  error  as  a  function  of  spring  constant  without  and  with 
inertia 

Results  with  other  measurement  procedures 

In  order  to  assure  proper  measurement  while  Investigating  the  effect  of 
joystick  movement  resistance  on  performance  further  experiments  were  con¬ 
ducted  with  other  measurement  techniques  described  earlier. 
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In  one  experimental  condition  subject's  workload  was  Increased  by  a  side  task. 
The  attitude  of  all  perpendicular  display  components  was  angled  from  time  to 
time,  and  the  subject  had  to  bring  the  attitude  back  to  perpendicular  as  fast 
?  as  possible  by  turning  a  knob.  The  correct  perpendicular  was  Indicated  by  the 

extinguishing  of  a  small  light.  The  total  time  that  display  components  were  off 
the  perpendicular  remained  nearly  constant  for  all  parameter  combinations  tested. 
The  main  task  tracking  errors  between  the  various  parameters  had  the  same  rela¬ 
tionship  as  during  the  experiments  without  slde^task. 

I 

Another  experimental  condition  was  conducted  using  the  adaptive  technique. 

The  difficulty  of  the  tracking  task,  caused  by  the  cut-off  frequency  of  the 
forcing  function,  varied  depending  on  the  RMS  error  of  the  human  operator. 

The  task  difficulties  which  subject  operators  were  able  to  handle  were  larger 
with  higher  spring  constants  In  the  same  relationship  as  the  error  results  of  the 
!  previous  experiments. 

|  During  self- adjustment  experiments  subjects  adjusted  spring  stiffness  by  rotating 

a  knob  mounted  on  the  arm  rest  of  the  pilot's  seat.  In  these  runs,  damping  and 
Inertia  were  not  varied  because  of  the  relatively  unimportant  Influence  of  these 
jj  parameters.  Five  subjects  participated.  Three  of  them  were  well  trained,  and 

they  consequently  selected  on  average  a  spring  constant  of  1.7  M/cm  (.22  N/cm 

i 

|  standard  deviation,  based  on  30  runs).  This  value  falls  within  the  range  of  1. 

|  to  3.5  N/cm  which  was  found  to  have  lower  errors  in  the  previous  experiments. 

Considering  that  subjects  had  to  approach  the  desirable  value  starting  from  both 
a  upper  value  of  5, N/cm  and  a  lower  value  of  zero  the  12  percent  standard 
deviation  Is  rather  low. 

The  results  of  the  less  trained  subjects  indicated  that  adjusted  values  were  blasod 
more  by  Initial  values.  Thus  using  the  lower  value  as  starting  position,  the  mean 
adjusted  value  was  1,  N/cm,  but  coming  from  the  upper  value,  1.4  N/cm 
resulted. 
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Conclusions 


The  objective  of  the  experiments  was  to  measure  performance  as  a  function 
of  movement  resistance  parameters  and  to  compare  the  results  of  several 
measurement  techniques. 

In  general  It  was  seen  that  the  various  movement  resistance  parameters  of  the 
joystick  that  were  tested  had  no  significant  Influence  on  tracking  performance 
with  one  exception.  Changing  over  from  an  unrestrained  joystick  to  one  with 
a  defined  deflection  resistance,  especially,  with  a  spring  constant  of  more 
than  1.  N/cm  without  Inertia  or  2.  N/cm  with  Inertia  led  to  a  clear  and 
significant  performance  increase.  Combining  of  the  low  spring  stiffness  of 
1.  N/cm  with  either  damping  (.35  N/cm/s)  or  Inertia  (2  kg)  reduced  tracking 
performance.  With  spring  constants  above  these  mlntmums  no  performance 
improvement  or  decrement  was  found.  Damping  and  Inertia  also  had  no 
influence  on  performance  with  the  higher  spring  constants. 

In  conclusion,  the  results  Indicate  that  the  control  device  should  have  some 
minimum  centering  force,  but  Its  Intensity  Is  not  critical  In  a  wide  range 
beyond  this  value.  If  Inertia  or  damping  exists  In  a  control,  minimum  cente¬ 
ring  force  should  be  stronger. 

Other  measurement  method  results  support  these  same  conclusions  obtained 
with  the  standard  measurements.  Both,  the  additional  loading  of  the  subjects 
by  a  side  task  and  the  adaptive  tracking  showed  identical  effects  of  the 
experimental  parameters. 

Since  tracking  performance  was  relatively  Insensitive  to  the  various  movement 
resistance  parameters  Including  spring  centering  forces  beyond  a  minimum 
value  a  low  spring  constant  Is  recommended  to  minimize  the  physical  loading 
of  the  operator.  This  recommendation  Is  supported  by  the  results  of  the 
finally  used  method,  during  which  subjects  self-adjusted  spring  stiffness  to 
a  mean  value  of  1.7  N/cm,  The  self-adjustment  method  Is  sufficiently  exact 
and  saves  time  and  effort.  It  Is  therefore  probably  the  most  cost-effective 
approach  to  stick  optimization. 
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ABSTRACT 

Since  the  nearly  diaaatroua  lataral  oeeillation  that  raaultad  in  ita 
first  flight,  the  F-16  haa  undergone  a  aeries  of  changes  to  the  unique 
aideatick  controller  that  have  sought  the  optimum  blend  of  force  and 
displacement.  In  May  1977,  a  controller  was  tested  in  YF-16  No.  2 
that  was  a  distinct  improvemant  in  the  man-machine  interface.  This 
configuration  was  further  refined  and  entered  extensive  testing  in 
the  F-16A  to  quantify  the  effect  on  flying  qualities  as  a  means  of 
substantiating  pilot  comments.  Tha  raault  was  a  sldestlck  controller 
that  reduced  air-to-air  tracking  error  by  40%  while  reducing  pilot 
fatigue  with  slight  motion  and  positive  stop  cuea. 


SESSION  5A:  PILOT  MODEL  IDENTIFICATION 
Moderator:  Dr.  William  R.  Walls,  Wright  State  University 


ON  THE  IDENTIFICATION  OF  PARAMETERS 


IN  THE  OPTIMAL  CONTROL  MODEL 


Roy  E.  Lanoraft 
Bolt  Beranek  and  Newman  Ino. 
Cambridge ,  MA 

and 

David  L.  Kleinman 
University  of  Conneotiout 
Storrs,  CT 


Presented  at  the 

Fifteenth  Annual  Conference  on  Manual  Control 
Wright  State  University,  Dayton,  Ohio,  Maroh  20-22,  1979 


Abatraot 

In  order  to  validate  (or  invalidate)  model  assumptions  and/or  applications  of 
the  Optimal  Control  Model  (OCM)  it  is  neoessary  to  match  experimental  data  in  an 
efficient  and  objeotive  fashion.  The  ability  to  traok  individual  parameter  ohanges 
across  different  experimental  situations  is  invaluable  in  understanding  the  model  so 
that  it  may  be  used  with  confidence  in  new  situations.  This  paper  addresses  these 
needs  by  examining  the  suitability  and  performance  of  using  unconstrained 
non-derivative  function  minimization  techniques  to  Identify  kay  human  operator 
parameters  in  the  Revised  Optimal  Control  Model  (ROOM).  In  partloular,  three 
methods  will  be  explored.  They  inolude  two  of  Powell's  conjugate  direction 
algorithims  and  a  Quasi-Newton  method.  A  sum  of  squares  objective  oost  functional 
is  adopted,  and  its  properties  discussed,  along  with  convergence  properties  and  the 
results  of  identification  runs  using  each  of  the  methods. 

Introduction 

"Tuning"  parameters  in  the  Revised  Optimal  Control  Model  (ROCM)*  to  matoh 
experimental  data  can  be  a  tedious  and  somewhat  subjective  task  if  done  manually. 
Therefore  an  automatic  scheme  to  match  data  would  be  very  desirable.  Suoh  a 
methodology  is  examined  in  this  paper.  The  approaoh  taken  will  be  to  identify  the’ 
necessary  parameters  such  that  an  objective  oost  function  whioh  embodies  thi 
available  reduced  order  experimental  data ,  Is  minimized.  Unfortunately,  the  mapping 
between  model  outputs  and  model  parameters  is  complex  and  non-linear.  Sirioe 
analytio  derivatives  are  therefore  not  readily  available,  we  ohose  to  examine  the 


*  The  particular  version  of  the  OCM  used  in  this  study  is  a  revised  version  in 
whioh  control-rate  is  commanded,  rather  than  oontrol,  and  the  "observations" 
contain  direct  oontrol  observations  to  represent  proprioceptive  ouesrf  to  the 
controller.  See  [1,2,3].  [ 
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performance  of  function  minimization  techniques  which  do  not  require  derivatives. 
Those  examined  include,  Powell's  (1964)  method  for  minimizing  a  general  non-linear 
function,  Powell's  (1965)  method  for  a  sum  of  squares  function,  and  a  Quasi-Newton 
method. 

The  paper  is  organized  into  several  sections.  The  first  amotion  presents  the 
objeotive  function  to  be  minimised  along  with  is  properties.  Next,  the  non-linear 
programming  algorithms  she  briefly  discussed.  In  the  third  seotion  oonvergenoe 
properties  of  eaoh  of  the  methods  are  shown  by  example  using  model  simulated  K/s 
tracking  data.  Finally,  the  algorithms  are  applied  to  actual  experimental  date,  and 
concluding  remarks  are  made. 

The  Objeotive  Function 

Before  stating  the  objeotive  funotion  we've  ohosen  to  minimize,  let '  a  summarize 
our  parameter  identifioation  problem,  An  experimental  "observation"  is  available. 
It  consists  typically  of  magnitude,  phase,  and  remnant  points  at  several 
frequencies,  along  with  RMS  system  saores.  The  data  obtained  also  oonslsts  of 
sample  variances  for  eaoh  point.  The  sample  variances  result  from  averaging  data 
across  subjeots  and/or  trials.  Based  on  this  "observation"  we  wish  to  identify  s 
set  of  parameters,  p,  which  result  in  model  predictions  to  best  match  the 
observations.  Further  complicating  the  problem,  the  describing  funotion  and  remnant 
points  may  be  frequency  correlated. 

With  the  above  considerations  in  mind,  the  following  objeotive  oost  funotion 
(suggested  by  Levison  [3])  is  ohosen  to  be: 
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-r-  l 
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where : 

Nj  ■  Number  of  non-zero  weights  in  the  j-th  terms  corresponding  weighting 
veotor. 

Qj,  >  Magnitude  of  the  i-th  describing  funotion  point  to  be  matched. 

Pi  a  Phase  of  the  i-th  describing  funotion  point  to  be  matohed. 

Rj_  b  Remnant  of  the  1-th  frequenoy  point  to  be  matohed. 

si  b  i-th  RMS  soore  to  be  matched. 

a  "hatted"  variables  are  the  ourrent  estimates  of  those  variables. 

VOX ,WTR ,  a  Weighting  veotor  for  describing  funotion, 

WTS  remnant,  and  RMS  soores  terms  respeotively. 


This  choice  of  loss  function  gives  a  weighted  least  squares  fit,  where  the 
weighting  reflects  confidence  in  the  data.  Minimizing  this  function  is  equivalent 
to  minimizing  the  average  number  of  standard  deviations  of  the  fitting  error. 
Notioe  that  aaoh  squared  difference  is  normalized  by  the  sample  variance  of  the 
data,  the  number  of  points  in  the  sum,  and  by  a  general  weighting  vector.  The 
Interpretation  of  eaoh  of  these  quantities,  and  their  effeot  on  the  loss  funotion, 
will  now  be  diaoussed. 

The  aasple  varianoe  represents  the  observed  variability  of  eaoh  data  point  due 
to  measurement  errors  and  inter-  and  intra-subject  variability.  It  also  points  out 
repeatable  portions  of  the  data.  Dividing  by  the  sample  varianoe  provides  the 
required  non-dimensionallzation,  allowing  dissimilar  terms  to  be  summed  together. 
It  also  automatically  gives  less  importance  to  points  with  large  variability. 

Normalizing  by  the  number  of  points  oontained  in  eaoh  sum  has  the  effeot  of 
plaoing  equal  importanoe  in  matching  the  gain ,  phase ,  remnant  and  scores  as  groups 
of  information.  This  was  done  for  two  reasons.  First,  the  frequenoy  domain  points 
may  be  oorrelated,  and  aa  auoh  eaoh  point  doesn't  represent  a  truly  Independent 
pieoe  of  information.  Not  knowing  how  to  break  up  the  frequenoy  data  into  smaller 
oolleotions  of  oorrelated  points  our  first  spproaoh  was  to  assume  that  all 
homogeneous  data  might  be  oorrelated.  Seoondly,  eaoh  group  is  derived  from  the  data 
using  a  different  method,  and  equal  weight  (confidence)  is  given  to  eaoh  method. 

One  oould  argue  that  eaoh  of  the  rms  soores  are  obtained  by  time  averaging  over 
the  entire  run ,  and  therefore  eaoh  measured  soore  is  equal  in  importanoe  to  eaoh  of 
the  other  groups.  This  was  not  examined,  but  does  merit  oonslderation.  To  aooount 
for  the  correlation  of  the  frequenoy  points,  Wittenmark  suggests  that  off  diagonal 
terms  might  be  employed  in  the  weighting  matrix,  of  the  form  1  -  e“^T  .  Where 
A  la  the  differenoe  in  the  frequencies,  ana  T  is  a  correlation  time.  Again,  this 
was  not  tried  but  if  a  good  estimate  of  the  correlation  time  is  available  this 
approaoh  may  enable  better  interpretation  of  resulting  parameter  oonfidenoe 
intervals. 


Inclusion  of  the  weighting  veotor  is  due  to  praotioal  programming 
considerations.  The  major  purpose  of  the  weighting  veotor  is  to  allow  bad  data 
points  (ones  where  the  noise  to  signal  ratio  is  very  large)  to  be  eliminated  from 
the  problem.  This  is  accomplished  by  setting  the  corresponding  weight  (normally 
unity)  to  zero.  However,  the  weighting  veotor  is  useful  for  another  good  reason. 
It  allows  the  structure  of  the  oost  funotion  to  be  changed  at  run-time,  allowing 
investigation  of  any  (diagonal)  weighted  least  squares  loss  funotion.  For  example, 
oonsider  using  the  weighting  to  oanoel  out  the  averaging.  Then  the  loss  funotion 
takes  the  form: 


where : 


J  ■  [z-b(p)]  FT1  [s-h(p)] 

z  ■  veotor  of  observations 
h(p)  •  veotor  of  model  outputs 
IT1  a  diag[  1/(SDi)2  ] 


Minimization  of  this  function  would  give  the  maximum  likelihood  estimate  of  the 
parameters  p,  if  the  observations  were  formed  as 


z  «  h(p)  +  V  , 


with.V  s  N(0,R) ,  noises  Independent,  and  R  given  by  the  sample  variance  of  the  data 
[5].  Note  that  in  general  the  sample  variances  of  the  data  will  not  equal  the 
varianoe  of  the  measurement  noise  beoause  the  measurement  noise  represents  the 
innovations  between  the  data  (observations)  and  the  model  predictions. 

In  obtaining  the  loss  funotion  the  objeotive  has  been  to  ehooae  the  weightings 
in  a  rational  fashion,  and  in  suoh  a  way  as  to  approximate  what  we  believe  the 
aotual  innovations  oovsrianoe  to  be.  Slnoe  the  observations  are  not  independent  and 
we  oannot  know  the  true  innovations  oovsrianoe ,  the  estimated  parameters  will  not  be 
the  minimum  varianoe  (maximum  likelihood)  estimates.  However,  if  our  engineering 
judgment  is  sound,  the  Innovation  oovsrianoe  will  be  a  good  approximation,  and  our 
parameter  estimates  will  approaoh  the  minimum  varianoe  estimates. 

Non-linear  Programming  Methods 

Now  that  the  loss  funotion  has  been  determined  we  need  to  minimise  it  in  an 
effiolent  and  reliable  way.  This  seotion  brisfly  describes  how  the  three  funotion 
minimization  techniques  are  performed,  their  theoretioal  properties  and  major 
computational  requirements. 

1.  Powell's  (1964)  Method.  [6] 

Powell's  method  performs  an  unconstrained  minimization  of  any  non-linear 
function.  Theoretically  the  method  has  the  following  properties: 

o  If  J  is  a  general  quadratio  form,  the  minimum  is  found  in  a  finite  number  of 
steps  (approximately  equal  to  the  number  of  unknown  parameters). 

o  minimization  is  invariant  under  linear  transformations  of  the  parameter 
space. 

o  Rate  of  oonvergenoe  to  the  minimum  is  effiolent  in  that  if  the  original 
coordinate  directions  are  poor,  improved  directions  are  found  easily. 

Basioally,  the  minimization  is  oarried  out  by  finding  pseudo-oon  jugate  gradient 
searoh  directions  by  perturbing  eaoh  parameter  individually  (Euolidean  basis  spaoe) 
at  first,  snd  in  combinations  later.  At  the  end  of  eaoh  iteration  a  conjugate 
direction  is  formed  whioh  usually  replaces  an  original  direotion.  Theoretically, 
after  n  iterations  (where  n  is  the  number  of  parameters)  the  dlreotions  are  all 
mutually  conjugate  and  a  search  along  each  direotion  will  yield  the  desired  minimum. 
Practically,  however,  an  iteration  may  yield  a  dependent  direotion  whioh  should  not 
become  a  replacement.  Therefore,  it  may  take  more  than  n  iterations  to  find  the 
minimum.  Unfortunately,  a  bivariate  line  searoh  is  needed  to  minimize  J  in  eaoh 
searoh  direotion  beoause  it  is  known  only  that  a  minimum  lies  along  the  particular 
conjugate  direotion.  This  means  that  for  eaoh  iteration  n  bivariate  line  searohes 
must  be  performed  along  eaoh  of  the  n  directions.*  Moreover,  slnoe  the  quadratio 


*  Depending  on  the  efficiency  of  the  line  searoh  (we  used  a  modified  DSC-Powell 
line  searoh  [6])  eaoh  iteration  oould  require  a  large  number  of  funotion  oalls. 
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form  of  the  cost  funotion  is  not  reoognized,  this  method  doesn't  yield  any 
confidence  limits. 

2.  Powell's  (1965)  Method.  [7] 

This  method  emulates  the  generalised  least  square  method,  with  numerioal 
gradients  replaoing  analytio  ones.  Therefore)  it  is  speoifio  to  sums  of  squares  of 
non-linear  funotions.  Some  properties  of  this  method  ares 

o  It  has  the  same  oonvergenoe  properties  as  the  generalised  least  squares 
method  (quadratic)  but  doesn't  require  derivatives. 

o  Only  before  the  initial  iteration  are  substantially  more  funotion 
evaluations  required. 

o  It  is  unlikely  to  oonverge  before  reaching  the  minimum. 

o  Chooses  oon Jugate  direotions  of  search. 

o  It  generates  an  approximation  to  the  varianoe-oovarianoe  matrix. 

|  Before  the  first  iteration  begins,  n  linearly  Independent  direotions  (usually 

ohosen  as  the  Guolidean  basis  space)  are  required  and  the  numerioal  gradients  along 
these  direotions.  After  this  initialisation  is  done  eaoh  iteration  consists  of  the 
following  computations: 

I 

o  Solving  a  linear  equation  to  obtain  a  new  searoh  direction.  (Note:  if 
!  solved  via  partitioning  this  step  requires  N2  rather  than  n3  operations). 

o  Searohing  along  this  direction  to  find  the  minimum,  and  at  the  same  time 
1  computing  an  estimate  of  the  derivative  along  this  direction  (Note:  this 

|  requires  no  extra  funotion  evaluations). 

o  Updating  a  single  row  and  oolumn  of  the  hessian  matrix. 

Looking  baok,  this  means  that  a  single  univariate  line  searoh  is  required  for 
eaoh  iteration  rather  than  N  bi-varitste  line  searches  for  eaoh  iteration  of  the 
1 964  Powell  method. 

3.  Quasi-Newton  Method 

Simply  stated  the  Quasi-Newton  method  is  Newton's  method  using  numerioal 
derivatives  Instead  of  analytio  ones .  Therefore ,  the  Quasi-Newton  Method  minimizes 
a  funotion  by  searohing  at  eaoh  iteration  along  the  direotion  given  by: 

V  -  (72h(p))“1Vh(p) 
whore  the  numerioal  gradients  are  formed  rr. , 


Vh(p) 


h(p+A)  ■  h(p)  2  g(p) 
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and  where  the  hessian  is  approximated  by, 


V2h(p)  «  g(p)  g(p)' 

Rather  than  diraotly  inverting  the  hessian  matrix  to  Form  the  next  direction, 
an  eigenveotor  decomposition  is  performed  at  each  iteration  enabling  the  inverse  to 
be  formed  as 

n« 

(7* h(p))1  ■  *i5i 

i"l 

Where  £• >  is  the  eigenveotor  assooiated  with  the  i-th  eigenvalue,  and  where  ri|,#a  . 
In  forming  the  sum  only  those  terms  that  correspond  to  eigenvalues  no  smaller  than 
10~5  times  the  largest  one  are  inoluded.  This  tends  to  eliminate  some  of  the  usual 
conditioning  problems  associated  with  eigenvalues  spanning  a  wide  dynamio  range.* 
Note,  if  any  terms  are  eliminated  in  forming  the  sum,  the  psuedo  inverse  results. 

The  algorithms  oonverge  if: 

o  all  parameter's  relative  ohange  is  less  than  some  oriterlon  level  and, 
o  the  relative  ohange  in  J  is  below  a  preset  level  or, 
o  if  J  baoomea  very  small  or, 
o  if  a  maximum  number  of  iterations  is  exoeeded. 

Convergenoe  Properties 

To  evsluate  the  oonvergenoe  properties  of  eaoh  of  the  methods,  identification 
runs  were  performed  on  a  set  of  model  generated  K/s  oompenaitory  traoking  data. 
Several  different  starting  points  in  the  parameter  spaoe  were  ohosen  to  show 
effiolenoy  and  looal  identif lability.  Also,  in  this  way  oonvergenoe  to  the  true 
minimum  oould  be  monitored. 

Table  1  presents  the  true  model  parameters  used  to  generate  the  simulated 
traoking  data.  Notioe  that  the  observation  noise  ratios  for  error  and  error  rate 
are  not  the  same,  as  is  the  usual  case.  This  was  to  simulate  thresholds  on  these 
outputs.  The  other  parameters  are  olose  to  their  usual  nominal  values.  Sinoe  we 
are  dealing  with  simple  traoking  data,  we  can  assume  (correotly)  that  mean  squared 
error  is  minimised.  Therefore,  the  key  ROOM  parameters  were  ohosen  to  be  the 
oontrol-rate  weighting,  Qr  (or  equivalently  Tj;) ,  time  delay,  Tp,  motor  noise?  0, 
and  observation  noise  variances,  He,  Rt,P  u.  It  was  felt  that  eaoh  of  these 
parameters  has  a  unique  effeot  on  model  predictions;  and  if  suffioient  data  were 
available,  (i.e.  enough  high  frequency  phase  to  determine  the  time  delay)  all  oould 
be  identified.** 


*  Another  way  to  minimise  the  effects  of  (relatively)  very  small  eigenvalues  is 
to  replaoe  them  by  a  oonstant.  One  ohoioe  oould  be  to  pick  this  oonstant  as 
10~5  times  the  largest  eigenvalue. 

**  As  a  praotioal  oonaideratior.  Qr  is  identified  along  with  the  additive  motor 
and  observation  noises.  By  doing  so,  iterations  on  or  noise- to- signal 
ratios  need  not  be  performed  at  eaoh  function  oall.  Moreover,  by  invoking  the 
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Because  we  are  using  model  generated  data,  arbitrarily  small  standard 
deviations  were  uniformly  applied  to  the  data.  They  were  chosen  to  be  +0.5  dB  on 
magnitude  and  remnant,  +1.0  degree  for  phase,  and  +0,1$  for  the  rms  scores. 

Table  It  Parameters  used  for  Model  Generated  K/s  Dynamics. 


Parameters 

0 

condition* 

P&(dB) 

pe(dB) 

TTirnn 

pu(dB) 

TN(eee) 

TD(eeo) 

True 

parameters 

-35 

-IB 

-22 

-25 

Hj 

.2 

Initial 
gueee  11 

-25 

-22 

-22 

-30 

.25 

2700 

#2 

-40 

-20 

-20 

-20 

.08 

.17 

923 

*3 

-45 

-22 

-18 

-30 

.05 

.15 

3921 

To  begin  our  investigation,  several  initial  parameter  gueasea  were  ohoaen  in 
the  neighborhood  of  the  minimum  so  that  oonvergenoe  would  ooour  from  many  different 
directions  in  parameter  apaoe.  All  of  the  initial  guesses  tried  converged  to  the 
true  minimum.  This  leads  us  to  assume  that  the  parameters  are  at  least  looally 
identifiable.* 

Table  1  presents  three  typioal  initial  guesses,  along  with  their  initial  loss 
function  values.  All  have  large  initial  function  values,  and  require  many 
parameters  to  ohange  before  the  minimum  oan  be  obtained.  Table  2  shows  the  attained 
value  of  the  loss  funotion,  oonfldenoe  intervals,  and  identified  parameter  values 
for  the  three  initial  guesses.  The  model's  matoh  to  the  simulated  data  is  shown  in 
Figure  1 . 

Notioe  that  all  three  methods,  no  matter  what  the  initial  guess,  obtain  the 
same  parameter  and  loss  funotion  values.  All  the  parameters  are  very  dose  to  their 
true  values,  with  the  exception  of  u.  Since  J  is  not  very  sensitive  to  u  this 
is  to  be  expeoted.  This  could  also  point  out  a  bias  in  the  parameters.  However, 
sinoe  the  simulated  data  had  to  be  trunoated  when  input  to  the  identification 
program,  this  may  aooount  for  the  slight  bias.  Even  though  the  same  minimum  is 
reached,  the  oonfldenoe  intervals  are  different.  Sinoe  the  Quasi-Nei ton  method 


appropriate  sealing  assumptions  the  effeotive  noise-to-signal  ratios  oan  still 
be  reoonetruoted  at  the  end  of  the  identification.  Depending  on  the  order  of 
the  plant  dynamios,  the  savings  in  computation  time  oan  be  substantial. 

*  If  we  start  too  far  from  the  minimum  there  is  a  possibility  that  the 
predictions  of  the  phases  (computed  modulo  360  degrees)  oould  be  discontinuous 
in  slope,  or  biased  on  the  order  of  360  degrees.  The  program  aitempts  to 
maintain  a  smooth  phase  curve  by  keeping  the  predictions  within  190°  of  the 
measured  data  points.  But,  far  from  the  minimum  this  may  not  be  a  good 
assumption. 
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Table  2:  Identified  Parameter  and  Cortfidenoe  Intervals 


*  Confidenoe  interval  for  the  oontrol-rate  weighting. 

updates  the  entire  hessian  matrix  at  each  iteration  (and  does  so  by  taking  fixed 
pertabations  about  the  minimum) ,  the  oonfidenoe  limits  are  only  a  funotion  of  the 
minimum  point  Itself.  Confidenoe  limits  using  Powell's  1965  Method,  on  the  other 
hand,  depend  on  the  direotions  used  and  the  line  searoh  step  size.  Therefore,  they 
are  different  for  eooh  initial  guess. 

The  95 %  oonfidenoe  intervals  appear  to  be  reasonable  for  both  methods,  sinoe 
the  identified  parameters  always  lie  within  them.  This  is  not  a  very  strong 
statement  beoause  the  interpretation  of  the  oonfidenoe  limits  hinges  on  how  good  our 
assumptions  were  in  forming  the  innovation  oovarianoe  (weighting  matrix). 
Sensitivity  studies  also  show  similar  results. 

Table  3  shows  the  number  of  funotion  oalls  required  by  eaoh  method.  In  all 
oases  the  Quasi-Newton  method  converges  using  the  least  number  of  funotion  oalls, 
followed  by  Powell's  65  and  64  methods  respectively.  Powell's  64  Method  uses 
considerably  more  funotion  oalls  than  the  other  two  methods.  This  would  seem  to 
indioate  that  the  other  methods  are  better  suited  to  this  particular  problem. 
However,  oloser  examination  reveals  that  only  a  few  iterations  (2  or  3)  are  needed 
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to  get  very  olose  to  the  minimum  with  the  rest  or  the  iterations  used  for  final 
oonvergenoe.  Therefore,  this  method  may  be  good  to  use  (with  a  larger  stopping 
criterion)  when  far  from  the  minimum. 


Table  3:  Effioienoy  of  Methods 


If  we  were  to  monitor  each  of  the  algorithm's  progreea  to  the  minimum  (Figure  2 
shows  a  typical  oonvergenoe  profile)  we  would  find  that: 


o  The  Quasi  Newton  method 

-  usually  has  the  fewest  number  of  iterations, 

-  There  is  steady  reduction  in  J,  with  large  deoreasea  ooourring  in  the 
first  few  iterations, 

-  oonvorges  faster  than  the  other  methods,  when  olose  to  a  well  defined 
minimum 


o  Powell's  64  Method 

-  usually  has  a  large  initial  deorease  in  J 

-  much  slower  oonvergenoe  olose  to  the  minimum 

o  Powell's  65  Method 

-  tends  to  have  uneven  oonvergenoe,  that  is,  it  may  show  a  large  deorease 
in  J  then  very  little  deorease  for  several  iterations,  followed  by  a  rapid 
deorease, 

-  uses  many  more  iterations,  but  fewer  function  oalls  per  Iteration  than 
the  other  methods. 


Looking  baok  it  is  olear  that  the  Quasi-Newton's  oonvergenoe  speed  is  due  to  the 
updating  of  the  entire  hessian  at  eaoh  iteration.  Likewise,  the  uneven  oonvergenoe 
of  Powell's  65  Method  is  due  to  its  updating  of  only  part  of  the  hessian  at  eaoh 
iteration,  (l.e.  when  large  steps  are  taken  old  information  inoorporated  into  the 
hessian  is  grossly  innaourate,  and  several  iterations  are  required  to  oompletely 
update  it. ) 
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Fig. 2:  Convarganca  Profila  for  Initial  Guasa  No.  1 
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Performance  on  Experimental  Data 


We  have  observed  that  all  three  algorithms  work  reasonably  well  on  model 
generated  data,  with  contrived  sample  varienoes.  Now  an  example  is  given  where  the 
methods  are  applid  to  experimental  K/s  traoking  data  from  [2].  This  particular 
example  represents  a  difficult  problem  to  test  the  methods  on.  The  identifioation 
is  diffioult  because  a  long  gently  sloping  valley  exists  in  the  ooat  surface. 
Starting  from  a  good  initial  gueaa  one  of  the  parameters  (nolaa  variance  on  oontrol 
observations)  must  be  moved  essentially  to  infinity,  since  these  observations  are 
not  needed  for  K/s  traoking  [1,2, 3).  All  other  parameters  remain  oloae  to  their 
initial  values. 

Table  <4  ahows  tha  result  of  this  identifioation,  and  Figure  3  presents  the 
model's  matoh  to  the  data.  Tha  oonfldenoe  intervals  oorrelate  well  with  what  we 
would  expeot  from  sensitivity  studies.  All  methods  appear  to  Identify  the  same 
minimum,  but  notioe  that  the  final  funotion  value  ia  relatively  large,  beoauae  tha 
model  oannot  reproduoe  the  experimental  data  exactly. 


Table  4:  Performance  on  Experimental  Data 


Parameters  and  Confidancs  Bounds 

--  "  11 

Funotion 

Calls 

Condition 

P. 

Pe 

Pu 

WQr 

J 

Initial 

guess 

-40 

-20 

-20 

-25 

.17 

'.08 

2.05 

64  Powell 

-43.4 

-20.5 

-19.0 

56.9 

.16 

.073/1.1 

E-4 

.70 

103 

65  Powell 

-42.7 

-20.7 

-18.9 

16.8 

.16 

.074/1.2 

E-4 

.72 

256 

+  SD 

13.5 

1.45 

1.98 

11.5 

.014 

7.3 

E-5 

Quasi- 

Newton 

-43.3 

-20.5 

-18.9 

3.86 

.16 

.073/1.1 

E-4 

.71 

321 

+  SD 

6.4 

4.4 

2.8 

16.93 

.036 

1.6 

E-4 

Notioe  in  this  oase  that  Powell's  64  Method  is  by  far  the  most  effloientl  This 
is  a  complete  reversal  of  our  findings  of  the  previous  seotion.  This  example 
olearly  shows  the  advantage  of  using  conjugate  directions  if  a  parameter  must 
transverse  a  long  valley  in  the  oost  surface. 

These  algorithms  have  also  been  applied  to  numerous  other  experimental 
aondltlons  besides  K/s  dynamics.  The  following  characteristics  have  been  observed 
in  using  these  methods: 

o  Quasi-Newton  Method  may  develop  numerical  problems  far  from  the  minimum. 

Several  initial  parameter  guesses  may  be  required  for  oonvergenoe. 
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o  All  the  methods  may  stall.  This  is  usually  due  to  either  a  stopping 
criterion  whioh  is  too  loose,  or  the  hessian  becoming  singular.  If  the 
hessian  does  become 

singular,  a  restart  usually  enables  it  to  converge. 


o  Of  all  the  methods,  Powell's  65  Method  was  found  to  be  the  most  robust.  In 
many  oases  it  would  oonverge  without  stalling,  whereas  the  others  would. 
This  may  be  due  to  soaling  the  hessian  at  eaoh  iteration,  which  keeps  it  well 
conditioned 

o  In  general,  it  is  hard  to  tell  whioh  method  will  minimize  J  in  the  fewest 
number  of  funotion  calls.  The  best  spproaoh  may  be  to  use  a  combination  of 
the  methods.  For  example; 
if  close  to  the  minimum  use  either: 

-  Quasi-Newton  alone, 

-  or  6*4  Powell  with  a  generous  stopping  oriterion  followed  by  Quasi-Newton 
if  far  from  the  minimum  use  either: 

-  65  Powell  followed  by  Quasi-Newton 

-  or  64  Powell  followed  by  Quasi-Newton 


Conclusions 

The  suitability  of  using  funotion  minimization  teohniques  to  identify  key 
parameters  in  the  steady  state  optimal  oontrol  model  was  verified  using  model 
simulated  and  experimental  data.  A  sum  of  squares  objeotiva  cost  funotion,  whioh 
utilizes  typical  reduced  order  experimental  data,  was  discussed.  The  ohoioe  of 
weightings  in  this  oost  funotion  appeared  to  be  an  adequate  description  of  the 
effeotive  Innovations  oovarianoes,  and  seemed  to  yield  realistic  confldenoe 
intervals,  but  oertainly  more  work  should  be  done  in  this  area. 

In  general,  it  was  found  that  the  best  minimization  method  to  use  will  depend 
on  the  nature  of  the  cost  oontours.  However,  experience  using  the  methods  seems  to 
show  that  a  combination  of  the  methods  will  provide  the  best  results  over  a  wide 
range  of  oases.  •  , 

This  investigation  has  uncovered  several  possible  areas  for  future  researoh. 
These  toplos  inolude: 

o  Investigating  the  effects  (on  the  identified  parameters)  of  assumptions  made 
in  forming  the  oost  funotion,  and  accounting  for  correlations  in  the  data. 

o Determining  souroes  of  identiriability  problems,  i.e.  far  from  the  minimum, 
or  using  band-limited  data. 


o  Determination  of  better,  more  meaningful  confidence  intervals.  Perhaps 
using  a  bounded- but-unknewn  approach  and  arriving  at  bounds  on  the 
parameters. 

o  Effeots  of  line  searoh  aoouraoy  on  the  identification. 

o  Advantage  of  adjusting  the  step  length  to  minimize  numeriaal  problems  when 
eomputing  the  forward  differences. 
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ABSTRACT 

Investigations  of  the  dynamic  behavior  of  the  eye-hand  trans¬ 
mission  channel  of  man  in  multivariable  systems  are  performed 
by  means  of  a  correlation  technique  and  Fourier  analysis.  A 
stochastic  disturbance  Input  Is  used  for  the  identification  of 
the  human  controller  In  the  closed  loop.  First  results  of  ex¬ 
periments  with  processes  containing  second-order  controlled 
elements  such  as  first-order  lags  and  Integrators  with  first- 
order  lags  are  presented.  The  Influence  of  cross-coupling  effects 
In  the  human  controller  Is  discussed. 

1.  INTRODUCTION 

Dynamic  behavior  of  man  has  been  examined  under  different 
aspects  In  the  last  15  years.  In  most  of  the  Investigations 
forcing  functions  were  used  which  only  allowed  the  determina¬ 
tion  of  the  operator  describing  functions  at  well  defined  fre¬ 
quencies  (Refs.  1-5). 

An  overall  view  of  the  frequency  characterl sties  can  be  ob¬ 
tained,  If  forcing  functions  with  continuous  spectral  densities 
are  used.  Due  to  human  Information  processing  limitations  and 
for  technical  reasons,  the  spectra  must  have  limited  bandwldths. 
These  conditions  are  satisfied  by  low-pass  filtered  white  noise. 
Investigations  with  this  type  of  forcing  function  can  for 
example  be  performed  by  means  of  correlation  techniques  or  parame- 

*  The  investigations  were  performed  on  a  hybrid  computer  of 
the  "Deutsche  Forschungsgemei nschaf t"  (DFG). 
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ter  estimation  procedures.  The  latter  method  presumes  that  there 
exists  a  model  (of  not  too  high  order)  whose  parameters  can  be 
estimated  (Ref.  6).  On  the  other  hand,  application  of  a  correla¬ 
tion  and  Fourier  transformation  procedure  permits  the  calcula¬ 
tion  of  discrete  values  of  describing  functions  without  postu¬ 
lating  any  model  In  advance.  This  fact  seems  to  be  convenient 
for  the  investigation  of  cross-coupling  effects  In  the  human  con 
troller-in  particular,  If  the  controlled  elements  do  not  con¬ 
tain  any  cross-coupling  signal  paths. 

2.  MATHEMATICAL  MODEL 

Although  the  human  controller  dynamics  are  non-linear  and  time- 
variant  In  general,  they  can  be  approximated  by  a  quasi -1 1  near 
model  H(p)  and  a  remnant  noise  n(t),  If  the  controller  Is  well- 
trained  and  If  he  performs  simple  control -tasks  (Refs.  1,2,6). 
For  a  given  two-dimensional  control  task  (Fig.l) 


human  .  forcing 

operator  vehicle  functions 


Fig.  1  Two-variable  control  loop 

(with  uncoupled  controlled  elements) 


this  model  shall  be  represented  In  terms  of  the  2x2-matrix  _H(p) 
of  the  controller  describing  functions. 


We  consider  the  closed  multivariable  control  loop  of  n*n  order 
(Fig- 2), 


Fig.  2  Model  error  t(t) 

whose  nonlinear  dynamic  properties  are  described  by  the  matrix 
Q(l(t).t}.  A  quasl-llnear  multivariable  system  with  the  matrix 
QL(t)  of  its  Impulse  responses  shall  be  determined,  so  that 
the  cost  functional 


q(  0 


n 

ih 


n 


(xL1(t)  -  x, ( t) )' 


(1) 


becomes  minimal.  These  conditions  lead  to  a  system  of  Wiener- 
Hopf  Integral  equations 


!zx(T)  “  ^Lo(t)  *  dt  -  0 


(2) 


as  Implicit  calculation  rule  for  the  matrix  G^ft)  °F 

mal  Impulse  responses  (Ref. 7).  In  Eq.(2)  ^  and  £zz  are  the 

matrices  of  the  cross-  and  auto-correlation  functions  respective 
ly.  The  solution  of  Eq.(2)  In  the  frequency  domain  Is 


£<P)  ■  r{«Lo<*>)  ■  six  (P).[Sh<P)]  •  (3) 


F(p)  with  p“ju  is  the  matrix  of  the  frequency  responses  of  the 
whole  multivariable  control  system  (e.g.  represented  by  Flg.l). 


It  Is  determined  by  F  (p)  -  [ _I  +  FQ(p)]  “1  (4a) 

and  F0(p)  -  V(p).H(p)  (4b) 

with  £0(p)  and  V(p)  being  the  matrices  of  the  open-loop  and  the 
controlled  element  frequency  responses  respectively.  From  Eqs. 

(3)  and  (4)  the  unknown  matrix  H(p)  of  the  human  controller  des¬ 
cribing  functions  can  be  calculated  In  general  form: 

H(P)  ■  V" 1  ( p ) •  {S*x(p)-  [S*x(p)]  _1  -l}  .  (5) 

For  the  control  loop  configuration  shown  In  Flg.l  the  first  ele¬ 
ment  of  H(p)  Is  given  by 

H11  “  3et(V) ’'diftF')'  CV22*(F22  _  det(£)  >  +  vl2  *  F21  ]* 

Similar  expressions  can  be  obtained  for  the  remaining  three  des¬ 
cribing  functions  H12,  H21,  and  H22.  For  notatlonal  convenience, 
the  argument  p  has  been  omitted  In  all  terms  of  Eqs.  (6)  to  (10). 
The  calculation  of  the  elements  of  the  matrix  F(p)  Is  demon¬ 
strated  by  one  example: 

F22  "  d'et(£"2")  C  sz2x2’  Szizi  "  Szlx2*Sz2zl^  * 

The  cross-power  spectral  densities  Szx  and  $zz  are  obtained  by 
Fourier  transformation  from  the  corresponding  cross-correlation 
functions  £zx  and  _£zz  (Ref. 8),  e.g. 


i  N 

*zix2j  “  ttjti  5-0  zlrxZi+j  »  j-o,i,...,m,  (a 

R«<SllxZk>  ■  T-  C*zl.x2o  *  Z|.i  7<*zlx2j  *  ♦x2zlj)c0!  tr1" 
4  7(*zlx2M  4  *x2zlM)cos  k“]  •  (i 


t'/o  !  i  -  ,V(  s«'murwaiwiEJzi*a£iVit.UHi  4jh‘Ur 


M“  1 

Im(  Szlx2k)  =  T'C2^  7(*zlx2j  '  *x2zlj)sin  *  (10) 

k  ■  0 , 1  ,  *  *  *  *  M  * 

where  zl,j  ■  z 1 ( 1  •  T )  and  x2 ^  + j  ■  x2((1+j)T)  represent  the 

sampled  data,  N+ 1  Is  the  number  of  data-polnts,  and  M+l  Is  the 
number  of  points  of  the  correlation  and  spectral  density  functions. 


3.  EXPERIMENTAL  DESIGN 

Two  noise  generators  produce  pseudo-random  gausslan  noise  sig¬ 
nals  with  power  spectral  densities  constant  for  frequencies 
f  <  50  cps  (314  rad/s).  These  signals  are  fed  Into  two  second- 
order  low-pass  filters  with  0.2  cps  (1.26  rad/s)  bandwidth  which 
provide  the  forcing  functions  z^  and  z2>  The  controlled  elements 
are  simulated  on  an  analog  computer  which  Is  part  of  a  hybrid 
computer  system. The  human  controller  controls  the  system  by 
means  of  a  two-dimensional  Joy-stick  without  spring  forces, 
almost  free  of  mass  and  friction.  The  controlled  variables  Xj 
and  x2  are  shown  to  the  operator  by  means  of  an  oscllloscoplc 
display.  They  are  represented  as  the  cartesian  co-ordinates  of 
a  small  circle  with  the  system  of  co-ordinates  Indicated  by  a 
vertical  and  a  horizontal  line  (Fig. 3). 


Fig.  3  Signal  representation 

(measures  In  millimeters) 


«)  Analog  computer:  CORNIER  DO  720,  digital  computer:  RXDS  Sigma  3 
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The  subjects  under  test  sit  In  a  distance  of  80  cm  from  the 
display  and  actuate  the  stick  In  order  to  minimize  the  controlled 
variables  and  x2,  i.e.  they  try  to  transfer  the  circle  Into 
the  origin  of  the  co-ordinate  system.  One  test  of  this  kind  Is 
usually  run  for  about  3  minutes. 

The  describing  functions  of  the  human  controller  are  derived 
from  recordings  of  the  forcing  functions  and  the  controlled 
variables.  Each  of  these  four  signals  Is  partitioned  Into  two 
frequency  Interval  1 s 

1.  0.042  cps  <  fL<  lcps  (0.26  rad/s  _<  u  <  6.28  rad/s)  and 

2.  0.333  cps  £  fH  <  10  cps  (2.09  rad/s  <  u  <  63.8  red/s) 
by  appropriate  analog  filters  (Ref. 9).  The  filtered  signals  are 
sampled  at  rates  of  T  »  120  ms  and  T  >  15  ms  In  the  lower  and 
higher  frequency  band  respectl vely .  This  corresponds  to  Shannon 
frequencies  of  fjjh  ■  4.16  cps  (26.1  rad/s)  and  f<jh  ■  33.3  cps 

(209.4  rad/s).  As  each  correlation  function  has  a  length  of 
M+l  >  100  data  points,  the  describing  function  values  to  be  cal¬ 
culated  are  equally  spaced  with 

AfL  ■  0.042  cps  In  the  lower  frequency  range  and 
afH  ■  0.333  cps  In  the  higher  frequency  range. 

In  general  the  functions  are  plotted  from  0.042  to  about  5  cps 
(31  rad/s)  and  contain  23  points  In  the  lower  and  15  points  In 
the  higher  Interval  1 . 

Partitioning  of  signals  as  described  gives  the  possibility  to 
amplify  the  higher  frequency  signals  by  a  factor  40  prior  to 
sampling  and  A/D-converslon  and  thus  to  Improve  their  evaluation. 
As  the  signals  Zj,  z2,  Xj,  and  x2  are  treated  In  the  same  manner, 
and  as  only  quotients  of  power  spectral  densities  are  used  (Eq.7), 
the  final  results  are  not  affected  by  this  manipulation. 

Fig. 4  shows  the  Influence  of  band-pass  filtering  on  the  forcing 
function  characteristics. 

The  analog  signals  are  digitized  via  anal og-dlgltal -converters  and 
are  stored  on  magnetic  tape.  The  execution  of  the  control  tasks 
and  the  data-sampl 1 ng  Is  supervised  by 'the  digital  component 
of  the  hybrid  system,  while  the  signal  processing  Is  done  off¬ 
line  with  a  larger  computer  of  the  computing  center  of  the 
RWTH  Aachen*^ . 

•)  Control  Data  Cyber  175 
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4.  EXPERIMENTAL  RESULTS 

During  the  experiments,  vehicle  dynamics  consisting  of  first- 
order  lags  and  Integrators  with  first-order  lags  were  simulated 
on  the  analog  computer.  In  a  first  series  of  experiments,  the 
time-constants  of  the  first-order  lags  were  varied,  In  a  second 
one  the  Integrating  rates  of  the  Integrators.  The  dynamics  In 
each  control  loop  were  Identical,  l.e. 

Vn(p)  -  V22(p)  with  V12(p)  ■  V21(p)  -  0. 

The  functions  shown  In  Figs.  5  and  6  are  averages  of  results 
from  two  tests  conducted  with  different  subjects. 

Results  with  first-order  lags 


The  frequency  function  of  the  lag  term  Is 

K., 


vll(p)  "  V22<P>  “  TFpT  ’ 
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The  gain  Ky  Is  fixed  to  5.85  cm/Degr.  for  all  control  task's, 
while  the  time  constant  T  Is  set  to  0.3,  0.5,  and  1.0  s.  \ 

The  open-loop  describing  function^  F0^  and  Fp22  have  an  1 
approximately  Integral  character  corresponding  to  the  "Cross¬ 
over  Model"  of  McRuer  et  al  .  (Ref.lj\.  The  related  average  cross¬ 
over  frequency  is  fc  »  1.8  cps  (11,3  fad/s),  and  the  phase  Mar¬ 
gin  Is  ■  65°. 

The  correspondl ng  controller  describing  functions  H 


11 


and  H 


2  E 


[the 


how 


can  be  Interpreted  as  proportional-integral  terms  (Fig.  5). 

The  magnitudes  of  and  H g 2  depend  on  the  time  constant  T 
varied  during  the  tests.  This  Is  to  be  seen  most  clearly  In 
vicinity  of  the  crossover  frequency  fc.  For  frequencies 
f  >  3  cps  (19  rad/s),  the  magnitudes  as  well  as  the  phases 
a  high  variability,  so  that  interpretation  of  the  curves  1s,; 
Impossible.  The  phases  of  and  ^  do  not  seem  to  depend  on 
T.  They  differ  little  over  a  wide  frequency  range  and  show  the 
Influence  of  a  time  delay. 

All  those  observations  can  be  expressed  by  the  following  models: 


H1i(p)  -  Kh(!  +  pTT)-«"PTD  »  1-1.2.  (12) 

1  v 

where  Is  the  model  gain,  Tj  Is  the  model  integrating  time 
constant,  and  TQ  Is  the  delay  time  constant.  This  model  describes 
the  experimental  data  falrly/w’ell  In  the  range  of  0.1  cps<f<3  cps 
(0.63  rad/s  <  u  <  19  rad/s),  but  It  does  not  account  for  the 
vei’,  low  frequency  data  (f  <  0.1  cps).  Prior  to  the  extension 
of  the  model  to  this  frequency  region  more  data  must  be  accu¬ 
mulated.  Then  also  the  values  of  the  model  parameters  can  be 
determined  satisfactorily. 

The  describing  functions  of  the  human  controller  cross-coupling 
terms  H1Z  and  H2^  show  no  significant  dependency  on  the  vehicle 
dynamics.  They  vary  strongly  and  thus  permit  the  assumption 
that  at  least  for  frequencies  f  >  0-3  cps  (1.9  rad/s)  no  cross¬ 
coupling  between  the  two  control  loops  exists.  In  this  region 
the  mean  values  of  |H12I  snd  1 H 2 ^  |  are  about  20  dB  smaller  than 
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those  of  IHjjI  and  |H22|.  for  frequencies  f  <  0.3  cps  there 
might  exist  a  slight  coupling  between  the  loops.  This  could  be 
attributed  to  low-frequency  corrections  of  those  operator  con¬ 
trol  commands,  which  do  not  exactly  go  Into  the  desired  "direc¬ 
tion",  as  can  be  observed  on  the  oscl 1 loscoplc  display.  For 
reasons  of  clarity,  the  describing  functions  of  H12  and  H2j 
have  been  plotted  only  for  T  *  1.0  s  In  Fig.  5. 

Results  with  Integrators  and  first-order  lags 

In  a  second  series  of  experiments  the  controlled  element  dyna¬ 
mics  were  of  the  form 

Vll(P)  "  V22<p)  "  F  *  1TF  *  (13) 

The  time  constant  T-0.1  s  and  the  gain  Kv»7.8  cm/Degr.  are  con¬ 
stant  for  all  control  tasks,  while  the  Integrating  rate  Kj  Is 
varied  with  0.5,  0.9, and  1.3  s”1. 

The  open-loop  describing  functions  Foll  and  Fo22  again  show 
Integral  character  with  an  average  crossover  frequency  fc-1.6cps 
(10.0  rad/s)  and  a  phase  margin  ipM  ■  50°.  The  values  for  fc  and 
are  somewhat  smaller  than  those  obtained  with  first-order  lags. 
This  means  that  the  stability  reserve  Is  smaller  In  the  second 
case,  l.e.  the  control  loops  are  nearer  to  the  stability  margin 
and  thus  more  difficult  to  control.  This  statement  Is  confirmed 
by  corresponding  subject-ratings.  The  controller  describing 
functions  and  H22  can  be  approximated  by  models  of  the  form 

H11(p)  -  KH(l+pTL).e’PTD,  1-1,2,  (14) 


where  KH  and  Tq  are  defined  as  In  Eq .  12,  and  T ^  Is  the  model 
lead  time  constant.  The  Bode-plots  In  Fig. 6  show  that  the  gains 
^11  flnd  H22  1ncreas8  with  decreasing  Integrating  rate  Kj, 
while  the  phases  do  not  seem  to  depend  on  Kj.  As  with  first- 
order  lag  controlled  elements,  the  models  fit  well  In  the  region 
of  the  crossover  frequency,  but  they  do  not  describe  the  expe- 
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Fig.  6  Human  controller  describing  functions 
(with  Integrators  and  first-order  lags) 


rimental  data  for  frequencies  below  0.2  cps  (1.25  rad/s)  and 
over  2 . 5  cps  (15.7  rad/s  ) . 

A  last  attempt  to  interpret  the  cross-coup! i nq  influences  in 

the  human  controller  dynamics  consists  in  the  consideration  of 
the  range  In  which  all  magnitudes  of  all  coupling  terms  Hlz  and 
H2j  for  both  types  of  controlled  elements  are  to  be  found  (Fig, 7). 
No  dependency  on  the  vehicle  dynamics  can  be  observed.  All  cal¬ 
culated  values  fall  Into  the  dotted  area.  There  might  be  a  cor¬ 
relation  between  the  bandwidths  of  the  forcing  functions  (O.Scps) 
and  the  coupling  term  magnitudes,  because  for  frequencies 
f  >  0.2  cps  the  magnitude  values  are  significantly  smaller  than 
for  lower  frequencies.  For  further  Investigation  of  these  cross¬ 
coupling  Influences  partial  coherence  functions  will  be  calculat¬ 
ed. 


5.  CONCLUSIONS 

Results  of  investigations  of  human  controller  dynamics  In  two- 
axis  control  tasks  by  means  of  a  correlation  technique  have  been 
presented.  The  experimental  data  have  been  Interpreted  by  quest- 
linear  models  In  the  frequency  domain.  The  presence  of  cross¬ 
coupling  terms  In  the  models  In  the  case  of  uncoupled  controlled 
elements  could  not  be  proved,  but  the  calculated  cross-coupling 
describing  functions  seem  to  be  Independent  of  the  vehicle 
dynamics.  Further  Investigation  of  these  Influences,  for  Instance 
by  means  of  coherence  functions,  is  Intended. 
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ABSTRACT 

The  optimal  control  model  for  the  human  operator  has  been  used  to  describe 
human  performance  In  target-tracking  tasks  as  In  air-to-air  and  AAA  situations. 
Regardless  of  the  specific  formuldt Ton* used,  an  Internal  model  (to  the  operator) 
of  the  target  trajectory,  control  system  dynamics,  and  human  psychophysical  limit¬ 
ations  Is  required.  Typically,  the  target-trajectory  Is  assumed  to  be  represented 
by  a  polynomial  In  time  (l.e.  constant  target  velocity  or  acceleration  assumption), 

This  paper  analyzes  the  properties  of  the  equivalent  Input/output  operator 
transfer  function  corresponding  to  the  optimal  control  model.  In  the  absence  of 
time  delay  and  motor  noise,  the  zeros  In  the  operator  transfer  function 
exactly  cancel  the  poles  of  the  assumed  control  system  dynamics.  This  result  Is 
extremely  useful  since  It  allows  for  a  simpler  representation  of  the  optimal 
control  model. 


INTRODUCTION 


A  systematic  approach  to  target-tracking  tasks  requires  the  development  and 
Integration  of  models  of  the  control  system  dynamics,  the  target  trajectory,  and 
the  human  operator.  These  models  can  be  Incorporated  Into  a  composite  analysis 
algorithm  that  can  be  used  for  analytical  and  predictive  purposes.  All  too  often, 
system  performance  is  evaluated  by  utilization  of  the  standard  optimal  control 
model  [1]  which  requires  explicit  state  vector  representation  of  the  plant/noise 
dynamics  (control  system/target  trajectory).  The  output-error  vector  model 
formulation  (the  proportlonal-lntegral-derlvatlve  (P-I-D)  structure)  described 
In  this  paper  represents  an  attempt  to  simplify  the  resulting  analysis  algorithm 
by  recognizing  the  nonuniqueness  of  the  state  representation  In  terms  of  the  Input/ 
output  transfer  function  associated  with  the  human  operator.  This  P-I-D  model 
structure  has  been  successfully  used  to  evaluate  system  performance  In  both 
anti-aircraft  artillery  (AAA)  and  air-to-air-combat  tracking  tasks  [2,3]. 


This  work  was  supported  by  the  6570th  Aerospace  Medical  Research  Laboratory, 
Wrlght-Patterscd  AFB,  Ohio,  under  Contract  No.  F33615-77-C-0507. 
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In  these  previous  applications,  the  following  modifications  to  the  standard 
optimal  control  model  have  proved  useful;  (I)  elimination  of  the  time  delay 
(and,  hence,  the  predictor)  for  tracking  systems;  (2)  combining  motor  noise  and 
observation  noise  Into  one  equivalent  "lumped"  observation  noise;  (3)  use  of  an 
Internal  model  (to  the  operator)  In  terms  of  the  output  (tracking)  error  displayed 
variables,  alone;  and  (4)  general Izatlon  of  the  quadratic  cost  to  allow  for 
higher  order  control  derivatives  (e.g.  u) t  depending  upon  the  structure  of  the 
control  system  and  the  assumed  target-trajectory  dynamics. 

One  advantage  In  using  these  modifications  Is  the  relative  ease  In  selecting 
the  P-I-D  model  parameters  as  functions  of  target-trajectory  characteristics  for 
the  purpose  of  matching  Input/output  operator  data,  typically  the  ensemble  time 
histories.  Note  that  the  analysis  of  such  systems  Is  complicated  by  the  time- 
dependent  model  parameters  associated  with  the  characteristics  of  the  target 
trajectory. 

In  the  subsequent  development,  It  Is  shown  that  In  the  absence  of  time  delay 
and  motor  noise,  the  numerator  of  the  operator  Input/output  transfer  function 
exactly  cancels  the  denominator  of  the  assumed  control -system  dynamics.  While 
the  time  delay  In  the  observation-  Is  not  explicitly  used  .In  the  formulation,  It 
can  be  Incorporated  Implicitly  Into  the  plant/disturbance  Internal  model  by 
augmenting  the  state  vector  to  Include  states  corresponding  to  a  Pade  approxi¬ 
mation  for  the  time  delay.  In  this  case,  exact  cancellation  occurs  In  the 
operator  and  control -system  dynamics.  Near  cancellation  occurs  when  the  time  , 
delay  Is  explicitly  represented  In  the  display  while  retaining  a  low-order  Pade 
approximation  In  the  operator  transfer  function. 


MATHEMATICAL  DEVELOPMENT 

The  general  configuration  of  the  target-tracking  system  Is  shown  If  Figure 
1.  In  this  figure,  eT(t)  Is  the  commanded  (target)  trajectory.  e(t)  1$  the  out¬ 
put  of  the  control  system,  e(t)  Is  the  tracking  error,  and  T(s)  4e(s)/u/(s) 

Is  the  control -system  transfer  function. 


Figure  1  Manual  Target-Tracking  System 
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This  system  Is  representative  of  an  assumed  single  Input,  single  output  (SISO) 
where  it  Is  further  assumed  that  each  axis  Is  uncoupled,  e.g.  azimuth  and  elevation 
axes  for  the  AAA  tracking  task.  Consider  the  SISO  plant/disturbance  dynamics 
written  In  the  formj 

x.  ■  F_x_  +  G.u  +  r,w  (1) 

A  A  0  0  0 

w  *  N(0,Wa),  scalar  white  noise 

x. B  (nxl)  state  vector  and  u  Is  a  scalar 
and 

y.  ■  H.x,  be  the  scalar  displayed  output. 

0  0  0 

Let  the  assumed  Internal  model  for  the  plant/dlsturbance  dynamics  be  given 
by 

x  ■  Fx  +  flu  +  Tw  (2) 

where,  as  before,  u  and  w  are  scalar  variables  and 

w  'v  N(0,W)  and  x  ■  (mxl)  vector,  m  <  n  with  the  displayed  output 
y  ■  Hx 

The  operator  perceives 

yp  -  y  +  Vy 

where  v^  ^  N(0,Vy)  Is  the  (lumped)  observation  noise  vector. 

The  optimal  control  human  operator  model  Is  given  by  a  Kalman  filter  In 
tandem  with  an  optimal  controller  In  the  form 

x  ■  Fx  +  Gu  +  K(yp  -  HSh  x(0)  ■  Xq  (3a) 

u  ■  - \9.  (3b) 

where  the  control  and  filter  gains,  \  and  K,  respectively,  are  obtained  by 
solving  the  appropriate  Rlccatl  equations. 

Figure  2  shows  the  optimal  control  operator  model  for  the  target- tracking 


y«Hx  + 


3^ 

KALMAN 

A 

X 

.  OPTIMAL 

u 

FILTER 

CONTROL 

Figure  2  Optimal -Control  Operator  Model 
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The  equivalent  S1S0  operator  transfer  function  Is  given  by 


-XUl-F+GX+KH)"1  K 


•X  adJ(sI-F+GX+KH)K 


l  adj (si 
det(sl- 


F+SXW 


(4) 


where  X  s  ( 1  xm ) ;  K  s  (mxl);  H  =  (Ixm) *»  "adj"  Is  the  adjoint  matrix  operator; 
"det"  Is  the  determinant;  and  use  has  been  made  of  Laplace  transform  notation  for 
a  constant  coefficient  system. 


An  alternate  representation  of  this  transfer  function  Is  to  write 

u(s)  -  -Xx(s)  -  -X(sI-F+KH)"1 [Gu(s)+Kyp(s)3  (5) 

By  use  of  the  Identity 

.x-Il.  _  det(sI-A+bc)-det(sI-A) 

°(SI'A)  b  "  —  det(sl% 


It  Is  easy  to  show 


u(s)  _  -X  adj (sI-F-t-KH)K 

In  Figure  1,  let  the  dynamics  for  the  commanded  Input  be 


(6) 


0T(t)  ■  w(t);  w  n.  N(0,w(t})  (7) 

corresponding  to  the  operator's  Internal  model  of  a  constant-velocity  target 
trajectory.  The  white  noise,  w(t),  represents  his  uncertainty  associated  with 
this  assumption.  Experimental  evidence  suggests  that  this  Is  a  reasonable  assump¬ 
tion,  however,  the  subsequent  development  Is  not  limited  to  this  structure; 
ej  ■  w(t)  can  be  used  In  those  cases  requiring  a  high  degree  of  operator  skill 

and  low  values  of  "cross-over"  velocities.  Reference  2  suggests  the  selection  of 
the  appropriate  target  model  Is  obtained  from  the  ensemble  mean  tracking  error 
observed  from  data;  i.e.  It  can  be  shown  that  the  general  shape  of  the  predicted 

tracking  error  has  a  one-to-one  relationship  with  the  kth  derivative 

of  the  target  trajectory. 


By  definition,  the  tracking  error  Is  given  by 


e  ■  -  e  or  e  ■  w  -  8  (8) 

where  we  have  used  the  constant-velocity  target  assumption. 


r, 


-  . 

rtrsxvsai . 
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If  the  Internal  model  for  the  control  system  transfer  function  In  Figure  1 
Is  given  by 


T(s)  ■  6{s)/u(s) 


(cn.l,H  *  cl»  *  c0> 

s*(«p  ♦  d  -|»p +  ... 


where  i  Is  the  "type"  of  T(s),  one  may  write  In  state  vector  notation 


e  "  Hzz 


z  -  Fzz  +  QjUj  z  s  (pxl) 


where,  for  example 


-  u(2’A)  (t) 


(10a) 


(10b) 


‘  0  i  I  1  T 

F_  ■  . J .  i  g!  ■  [0  ...  0  l]i 

-dg-d1  ...  -dp-ij 


Hz  "  Ccocl  cp-l^  ^ 

The  Internal  model  for  the  pi  ant/disturbance  dynamics  can  be  derived  by 
augmenting  Eqs.  (8)  and  (10)  as  follows: 


l«t  [J]  I  « ■  $ 


where 


x  ■  Fx  +  GO  +  rw 


F  1  F 

c  -  e  l  ez  ,  « 

o  i  F, 


ana 

%*(o  o)  1  fb  ■  [-:§"]  1  rl  ■  (?) 

and  Fz,  6Z  and  Hz  are  given  In  Eq.  (10c). 


- ^jY^ifryaitygiitniyi  W <  li  n  ml  i  V11 '  1  i -’nx/ 


The  operator  Is  assumed  to  perceive  only  the  tracking  error  (no  rate  Inform¬ 
ation)  of  the  form 

yp  ■  Hx  +  vy  ■  e  +  vy  ( l 2d ) 

where  H  ■  [He  0]s  He  -  (1  0) 

Of  course,  the  tracking  error  rate  Is  estimated  within  the  Kalman  filter. 

The  assumption  of  the  perception  of  only  the  tracking  error  Is  a  departure  from 
the  standard  optimal  control  model  and  has  been  shown  to  adequately  predict  oper¬ 
ator  describing  function  and  remnant  In  standard  laboratory  tracking  tasks  [5]. 
Incorporation  of  rate  perception  may  be  necessary  to  replicate  observed  data 
having  sharp  discontinuities  In  the  tracking  error  due  to  high  "cross-over" 
velocities  In  the  target  trajectory. 

Task  Cost  Functional 

The  optimal  control  operator  model  requires  the  use  of  a  cost  functional  to 
determine  the  solutions  of  the  control  and  filter  gains  appearing  In  Eq.  (4)  or, 
alternatively,  In  Eq.  (6).  The  cost  functional  Is  typically  assumed  to  be  of 
the  form 

.  .  .  i  T,  •  •  *  •-  “  •  • 

J(u)  ■  E  { A-  /  '  (x-qx  +  u"Ru)dt)  (13) 

Tf  o 

where  x  Is  given  by  Eq.  (11),  u'  ■  [u,  u,  u ,  ...  u^],  and  Q  and  R 
characterize  the  task  requirements  and  control  constraints,  respectively.  In 
this  task,  the  operator  attempts  to  achieve  acceptable  tracking  performance  with 
a  minimum  level  of  control  effort  over  the  duration  of  the  tracking  task,  T^. 

Since  one  characterization  of  tracking  performance  Is  rms  error,  a  reasonable  Q 
Is  diagonal  and  of  the  form 

Q  A  dlag  (1 ,  0,  ...  0). 

For  specific  application  of  the  P-I-D  operator  structure,  the  simplest  form  of 
u'Ru  is  (see  (Eq.  (12))  gQa,  where  g  Is  the  (scalar)  control  weight,  represent¬ 
ative  of  task  difficulty.  The  selection  of  D  In  the  cost  arises  from^the  target 
trajectory/control  system  dynamics,  rather  than  the  a  priori  selected  u  as  In 
the  standard  optimal  control  model. 

In  summary,  the  resultant  cost  function  Is  of  the  form 


J(u)  -  E{  i-  f  f  (*2  +  gHZ)dt}  (14) 

Tf  o 

where  Q  Is  given  In  Eq.  (10),  gives  rise  to  appropriate  Rlccatl  equations, 
solutions  of  which  are  X  and  K. 


Operator  Input/Output  Transfer  Function 


The  final  derivation  of  the  operator  SISO  transfer  function  Is  a  consequence 
of  matrix  manipulation  arising  from  the  system  described  In  Eq.  (12).  Thus,  If 
the  Kalman  filter  gains  are  represented  by  K'  ■  [K'  ]  K'  ],  where  e  represents 

the  error  states  and  z  represents  the  augmented  control -system  states,  It  can 
be  shown 


Kj  s  (0 


0) 


and,  further,  Eq.  (6)  reduces  to 

D(s)  "Ve  adj(sI  “  Fe  +  WKe 

3ptr  "  (iTTx; cd'iT^w^ 

where 

X  ■  Cx#  j  xz]; 

Afe  &  det(sI-F#+KtHa); 

Aa  -  det(sI-Fz+G2X2)j 
■  det(sI-Fz)  -  sp 


+  dP-i*M  + 


dl8  +  d0 


05) 

(15a) 

05b) 

(15c) 

(15d) 


and  N(s)  Is  the  numerator  polynomial  (zeroes)  of  the  control  system  dynamics 

associated  with  H  (sI-F  )“^G_.  The  details  of  this  derivation  are  given  In  the 
appendix. 

Note  that  the  human  operator  transfer  function  has  zeroes  (Az)  that  exactly 

cancel  the  poles  In  the  control  system  plant  dynamics.  The  denominator  of  the 
transfer  function  does  not,  In  general,  have  poles  at  N(s)  (zeroes  of  the 
control  system  transfer  function).  However,  for  most  situations  there  exist 
poles  near  N(s)  which  result  in  near  cancellation  of  the  control  system  zeroes. 

In  the  case  when  the  control  system  dynamics  are  "fast"  enough  (relative  to 
the  operator's  limited  bandwidth),  the  transfer  function  given  in  Eq.  (10)  can 
be  approximated  by  e(s)/0(s)  *  1.  For  this  case,  the  operator  transfer  function 
reduces  to  a  particularly  simple  structure.  It  can  be  shown  (see,  for  example, 
Ref.  2)  that  the  operator  Input/output  transfer  function  reduces  to  a  Butterworth 
configuration. 

What  makes  these  simple  P-I-D  structures  particularly  attractive  Is  that 
the  pole-zero  locations  of  the  operator  transfer  function  can  be  written  as 
explicit  functions  of  the  model  "tuning"  parameters,  W,  V^,  and  g.  These 

model  parameters  must  be  selected  properly  In  order  to  replicate  or  predict 
observed  human  response  data. 
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SUMMARY 


The  P-I-D  optimal  control  structure  has  found  usefulness  In  describing 
human  operator  performance  In  target- tracking  tasks.  The  structural  properties 
of  the  operator  transfer  function  are  particularly  attractive  since  It  focuses  on 
the  target-trajectory  model  and  the  model  parameters  rather  than  on  the  (some¬ 
times)  high-order  control  system  dynamics.  It  has  been  shown  that  In  the  absence 
of  time  delay  and  motor  noise,  the  zero  of  the  operator  transfer  function  exactly 
cancels  the  poles  of  the  assumed  control -system  dynamics. 


APPENDIX 


This  appendix  shows  the  derivation  of  Eq.  (15).  From  Eq.  (6) 

u(s)  _  -X  adj(sI-F+KH)K 

yTTsT  tftTTiWflW 


The  numerator  can  be  simplified  as  follows: 

f  sI-F  +K  H  {  -F„  IpC 
-X  adj (sI-F+KH)K  -  -  (XX)  adj  - — $..§.!] — 55  8 

•2  L  0  isI-F2JL0J 

where  K"  •  [K'  jo]  and  Eq.  (12b)  have  been  used.  Then, 


sI-F  +0  -F  , 
e  e  e  !  ez 

. 0 . |  SI-f" 


1  "  *  *  L  0  (,1-Fj)-1  J 

where  Az  and  Afft  are  defined  In  Eqs.  (15b)  and  (15d).  The  numerator  can  then 
be  further  simplified  to: 

Num  -  -AzXe  adj($I-Fe+KeHg)Ke 
The  denominator  polynomial  Is  given  by 


det(sI-F+KH+GX)  -  det 


r,I-F  +K,H  I  -F  1 


’  '‘«‘CKF,I(st-FI+GlXJ)-1ajX,(.I-F,.KtHe)-1] 

■1«1f,l:H<X,(sI-F,+K,Ht)-,FeI(sI-F2*SzXJ)-1Gz)] 


522 


(using  the  Identify  det(I+ab  )  ■  1+b  a.  Thus,  0(s)/yp(s)  can  now  be  written 
In  the  form: 


-Az  Xe  adJ(sI-Fe+KeHe)Ke 

a"c7A7e"^*7'a~^ 


Theorem: 


and 


L.t  M 


i  N« ( a ) 

Hz(sI-F^+GjjX^)  Gj  ■  “j- 


cz 


Then 

N^s)  -  N2(s) 

(For  a  proof,  see  Ref.*4.)'  * 

Also,  note  that 

F#z  adj(sI-F2+G2X2)G2 


e  •  •  ♦  i 


0 

■ 

‘  O’ 

_H2  adj(sI-F2)G2_ 

_-l. 

N(s) 


These  last  equations  can  be  combined  to  produce  Eq.  05). 


References 

1.  D.  Klelnman,  S.  Baron,  W.H.  Levlson,  "A  Control  Theoretic  Approach  to  Manned 

Vehicle  Systems  Analysis,"  IEEE  Trans,  Auto.  Control.  AC-16,  pp. 824-832, 
1971.  '  ~ • 

2.  A.V.  Phatak  and  K.M.  Kessler,  "Modeling  the  Human  Gunner  In  an  Anti-Aircraft 
Artillery  (AAA)  Tracking  Task,"  Human  Factors,  19(5),  pp. 477-494,  1977. 

3.  K.M.  Kessler  and  A.V.  Phatak,  "Modeling  the  Human  Pilot  During  the  Tracking 
Phase  of  an  Alr-to-AIr  Engagement,"  Final  Report  under  Contract  No.  F33615- 
76-C-5011,  Aerospace  Medical  Research  Laboratory  (AMRL/EMT),  WPAFB,  Ohio, 
September  1976. 

4.  H.  Kwakernaak  and  R.  Slvan,  Linear  Optimal  Control  Systems,  p.273,  John 
Wiley,  1972. 

5.  Phatak,  A.V.,  "Investigation  of  Alternate  Human  Operator  Optimal  Control 
Model  Structures,"  15th  Annual  Con.  Manual  Control,  Dayton,  Ohio,  March 
1979. 


523 


I 


Dept,  of  industrial  Engineering 
University  of  Toronto,  Toronto,  Canada 


ABSTRACT 


A  unique  psyohophysiologiaal  experiment  will  be  described ,  wherein 
volunteer  human  subjects  are  presented  with  a  localised,  oontinuouely 
fluctuating,  low-pass,  randomly  amplitude  modulated,  noxious  eleotrio  current 
and  varioue  elioited  autonomic  responses,  suoh  as  skin  potential ,  skin 
oonduotanoe  and  heart  rate,  are  monitored .  Treating  the  data  as  continuous 
time  aeries,  describing  funotion  models  of  the  lumped  input-output  autonomic 
stress  response  eyetem  are  identified  and  their  parameters  are  estimated.  It 
is  first  demonstrated  that  it  is  possible  to  ,,drivsn  the  responses  in  a 
non-decrementing  fashion t  thus  -Justifying  the  application  of  quasi-^imar- and 
quaei-stationary  mathematical  techniques.  Results  of  conventional  windowed 
periodogrm  spectral  analysis  will  be  oompared  with  those  of  autoregressive 
moving  average  models.  A  parsimonious  set  of  parameters  is  presented,  whose 
role  is  to  characterise  individual  responses.  Potential  applications  include 

\d  workload  or 


analysis. 


personnel  selection,  psychiatric  diagnosis ,  and  stress  ana 


1.  INTRODUCTION 


In  this  paper  we  shall  present  a  preliminary  investigation  of  the 
responsivity  of  the  human  autonomic  nervous  system.  Although  not  directly 
involved  in  the  execution  of  any  closed  loop  manual  control  functions,  this 
"control  system"  is  still  an  integral  part  of  that  aontrol  loop,  as  it  is 
descriptive  of  the  fluctuating  autonomic  state  of  the  human  operator.  Hie 
influences  of  various  environmental  and  psychological  stresses  on  the 
performance  of  the  "man-in-the-loop"  are  of  obvious  importance  to  the  practitioner 
of  manual  control  modelling.  What  ws  shall  consider  of  interest  here  is  the 
identification  of  a  sot  of  descriptive  parameters  which  may  describe  a  lumped 
model  of  the  human  autonomic  nervous  system  (ANS)  responding  in  a  state  of 
intense  continuous  stress,  induced,  in  the  laboratory,  by  a  continuously 
applied  noxious  local  electric  current.  In  other  words,  our  objective  is  to 
present  a  data  model  which  may  characterise,  idiosyncratically,  the  responses 
of  a  subject  to  our  controlled  stressor,  as  opposed  to  a  process  model,  whose 
objective  would  be  to  model  the  structure  of  the  underlying  psychophysiological 
stimulus-response  system.  Some  overlapping  of  these  two  purposes  is,  of  course, 
inevitable. 
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A  schematic  modal  of  the  stimulus-response  system,  as  we  treat  it  here,  is 
given  in  Fig.  1.  The  placement  of  three  blocks  within  the  one  large  blook  is 
to  be  construed  as  two  levels  of  representing  the  model .  The  single  block 
input-output  system  is  the  one  that  will  be  dealt  with  in  this  paper;  however, 
we  shall  first  discuss  the  model  in  jLight  of  the  three  subsystems.  The  system 
input,  labelled  "physical  stimulus",  is  in  this  ease  a  dermal ly  administered 
local  electric  current.  It  could  also  (however,  not  'equally  as  well',  as  we 
shall  see  shortly)  have  been  an  intense  fluctuating  visual,  thermal,  auditory, 
or  other  tactile  stimulus.  The  problem  we  faoe  is  that  the  actual  input  to  the 
AMS  is  not  electric  current,  nor  even  pain,  but  the  pero$ived  aveniveness  of 
the  stimulus,  taken  at  any  moment  in  time.  While  we  obviously  can  not  monitor 
this  input  continuously,  we  oan  produce  some  estimate  of  a  psychophysical 
function  relating  subjective  sensation  to  stimulus  current,  mis  function  is 
labelled  H.  in  Fig,  1.  In  fact,  previous  studies  have  shown  that  such  a  power 
funation  his  an  exponent  close  to  2  [l ] ,  i replying  that  the  subject's  perception 
of  pain  is  almost  linearly  related  to  the  level  of  stimulus  power.  Therefore 
pain,  as  produced  by  the  application  of  electric  current,  emerges  as  the  most 
'controllable'  of  the  candidate  stimuli,  since  we  may,  to  a  good  approximation, 
govern  and  monitor  the  intensity  of  the  real  input  to  the  AMS. 

The  input  labelled  •"sensory  noise"  is1  assumed  to  bo  small  and  is*  attributed 
to  localised  dermal  changes  at  the  stimulus  electrode  site  and  to  adaptation 
of  the  pain  receptors  over  time.  More  crucial  is  the  input  labelled  "perceptual 
noise",  which  represents  such  intangibles  as  subject  fatigue,  motivation, 
arousal,  shifting  of  attention,  etc.,  which  collectively  act  to  alter  the 
subject's  perception  of  the  applied  stimulus  and,  eventually,  to  habituate  to 
it.  For  example,  subjects  tend  initially  to  be  apprehensive  of  the  prospect 
of  being  given  an  'electric  shock';  however,  as  the  experiment  progresses, 
their  perception  of  its  aversiveness  often  subsides. 

Shown  at  the  AN6  (H.)  output  is  a  set  of  parallel  outputs  elicited  by  the 
"effected  response".  Among  the  many  autonomically  mediated  transducable  outputs 
are  electrodermal  responses  (skin  potential,  skin  conductance,  and  skin 
resistance),  heart  rate,  blood  pressure,  pulse  volume,  respiration,  EEG,  pupil 
dilation,  etc.  Each  of  these  has  its  own  "noises",  since  the  modalities  and 
mechanisms  of  transduction  are  different.  By  way  of  example,  the  reciprocal 
of  skin  conductance  will  not  render  the  same  signal  as  continuously  reoordod 
skin  resistance,  and  both  of  these  exogenous  measures  will  differ  from 
endogenous  recordings,  such  as  skin  potential.  Furthermore,  all  outputs  will 
be  mediated  by  other  than  stimulus  specific  influences,  labelled  "unrelated 
aentral  inputs",  representing  metabolic  and  homeostatia  influences  not  directly 
attributed  to  the  applied  stimulus. 

Since  there  is  no  evident  mechanism  through  which  autonomically  elicited 
responses  may  influence  the  apparent  aversiveness  of  the  applied  stress,  we 
treat  this  as  an  open-loop  identification  problem.  The  assumption  of  "open- 
loopedness"  may  be  countered  by  various  speculator!'  feedback  mechanisms,  such 
as  alterations  in  the  physical  characteristics  of  the  dermal  nocireceptors  due 
to  elicited  electrodermal  changes,  or  more  central  influences  on  the  perceived 
intensity  of  the  stimulus  due  to  evoked  heart  rate  and  blood  pulse  volume 
responses.  Furthermore,  there  is  the  known  coupling  between  heart  rate  and 
respiration,  the  latter  response  being  not  totally  controlled  by  the  autonomia 
nervous  system. 
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In  summary,  we  hold  no  delusions  about  the  simplicity  of  examining  the 
global  single  block  system,  taking  the  outputs  one  at  a  time  and  treating  the 
system  as  a  single  input-single  output  "black  box"  with  additive  output  noise. 
Paired  treatment  of  different  evoked  responses,  however,  may  be  expected  to 
reveal  valuable  information  about  effector  mechanisms  and  response  transduction. 
It  also  may  be  stated  at  this  point  that  there  is  no  reason  to  expect  the 
system  to  be  linear  or  stationary.  Careful  design  of  the  experiment,  as  shown 
in  the  following  section,  may  alleviate  these  problems,  however,  and  allow  the 
utilisation  of  quasi-linear  and  quasi-stationary  system  identification 
techniques. 


2 .  EXPERIMENT 


The  principal  objective  in  the  design  of  the  experiment  described  here  is 
to  overcome  the  apparent  shortcomings  of  similar  investigations  conducted  in  a 
great  many  psychophysiologioal  laboratories  and  to  render  ths  rtcorded  signals 
amenable  to  stationary  and  linsar  identification  techniques.  Whereas  in  moot 
similar  experiments  ths  subjects  are  presented  with  ^discrete1'  sensory  stimuli, 
such  as  bursts  of  noise,  tones,  flashes  of  light  or  electric  shock,  this  is 
dearly  unsatisfactory  for  tbs  estimation  of  a  describing  function  when  ths 
system  is  generally  accepted  as  being  non-linear  and  non-atationary.  Common 
examples  of  systematic  nonlinsaritiss  include  perceptual  threshold  tryoho- 
phyalcal  power  functions  and  effector  saturation.  In  general,  wide-eanse 
nonstationaritiss  may  be  classified  as  either  nonstationaritlss  of  the  mean, 
generated  by  eleatroda,  amplifier  and  membrane  changes  or  tonic  drifts,  or  of 
ths  mean  square,  due  to  peripheral  sensory  adaptation  or  mors  central  habituation 
[2].  in  ths  aontsxt  of  the  sensory  and  perceptual  noises  of  Pig.  1,  our  aim 
is  to  enhance  SNR  by  minimising  these  noises  end  to  "linearise"  the  response 
by  driving  the  system  with  a  continuous  intense  noxious  etimulue, 

Most  psyahophysiologioal  experiments  tend  to  extract  a  restricted  nunibar 
of  aontrivad  measures  which  appear  appropriate  to  a  visual  description  of  the 
date  and  are  often  not  standardised  among  different  laboratories.  Examples 
of  there  are  peak  amplitudes,  latencies,  durations  and  rates  of  recovery  of 
negative  and  positive  components,  tims-to-psak  amplitudes,  bausl  level  changes, 
and  ratios  of  apaaifio  to  non-spsaific  discrete  responses  [3].  By  introducing 
a  continuous  stimulus  and  recording  a  continuous  response,  we  are  therefore 
employing  ell  available  information  and  thus  incorporating  ell  of  these 
measures. 

Central  to  our  objaativa  ,!■  the  ability  to  "drive"  the  ANS  in  a  continuous, 
non-dearementing  fashion,  in  order  to  eliminate  the  sf foots  of  habituation  [4]. 
Although  sinusoidal  stimulation  is  s  candidate  waveform  to  accomplish  this  end, 
and,  indeed,  has  been  uaad  by  us  in  early  atudies  [5],  it  has  been  nevertheless 
rejected  due  to  problems  of  ststionsrity  due  to  its  predictability  and  the 
nscaasity  of  repeated  prassntstion  in  order  to  cover  a  suitable  representative 
range  of  frequencies  end  amplitudes  [2,  6  (ch.  9)].  For  ths  purpose  of 
presenting  a  dramatic  example  of  driving,  however,  we  present  Fig.  2,  where 
ths  bottom  trace  represents  ths  time  course  of  the  envelops  of  s  0.1  Kb 
amplitude  modulated  (100  hb)  stimulus  current  (I  )  oscillating  between  3.5  and 
4.6  ms  rms.  Above  this  is  ths  evoked  palmar  skin  conductance  response  on  the 
contralateral  hand  (C-SCR),  followed  by  ipsi-  and  contra-lateral  skin  potential 
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Figure  2.  0.1  Hz  Sinusoidal  Stimulation 


response?  (I-SPR  and  C-SPR  respectively,  both  detrended) ,  linearly  interpolated 
heart  rata  (HR) ,  and  thermally  monitored  respiration  (R) .  Clearly  there  is 
little  or  no  monotonia  response  decrement  over  the  147  sec  of  data  shown. 

The  use  of  a  randomly  presented  foroing  function  must  not  be  construed  as 
solving  all  of  the  problems  mentioned  above,  sinoe  linear  differential  aquation 
parameters  may  very  well  change  for  different  input  spectra  [6,  Ch.s],  The 
advantages  are  many,  however,  among  which  arai  a)  mathematical  tractability, 
allowing  efficient  utilization  of  the  methods  outlined  in  Part  3;  b)  forcing 
function  "optimality",  in  that  all  modaa  of  tho  raaponaa  syatam  may  be 
"persistently  excited"  [7,  8  (Ch.ll)]»  o)  "psychological  atationarity",  in 
that  the  subject  is  not  able  at  any  moment  to  predict  the  time  aourse  of  the 
stimulus  and  ia  thus  unlikely  to  habituate  to  it. 
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Some  sample  data  of  a  0.3  Hz  low-pass  stimulus  and  its  aooon\panying 
responses  are  given  in  Fig.  3,  where  from  bottom  to  top  are  shown  stimulus 
current  envelope,  contralateral  SCR,  ipsilateral  SPR,  contralateral  SPR, 
contralateral  t'RR  (skin  resistance  response),  and  DC  coupled  EEC  (P„-A.)  . 

Each  trace  here  represents  229  sec  of  data,  and  all  responses,  except  BCR,  have 
had  polynomial  trends  removed  for  olarity.  Clearly  the  responses  evoked  here 
are  quite  "labile";  however,  we  mav  no  longer  rely  on  visual  avidance  to  show 
the  existence  of  causality,  or  driving,  but  must  conform  to  sons  str later 
constraint.  Although  mathematically  rigourous  conditions  for  driving  do  exist 
[9],  the  sufficient  condition  that  will  be  adopted  here,  given  the  unequivoael 
distinction  between  the  driving  and  the  driven  measures,  is  that  there  exist  a 
significant  (lagged)  input-output  orose-oorrelation  and/or  rang#  of  non-aero 
squared  coherence.  Satisfaction  of  thasa  criteria  is  illustrated  in  the  next 
section. 


3.  ANALYSIS  AND  PRELIMINARY  RESULTS 


3.1  (Nonparemetrlc)  Spectral  Analysis 

Generally  speaking,  the  philosophy  of  analysis  pursued  here  follows  olosely 
that  of  Jenkins  &  Watts  [10].  Presented  with  the  aasqplad  records  of  two 
continuous  time  physical  processes,  we  commence  by  applying  conventional 
nonparmetrio  linear  spectral  analytic,  as  a  flexible  exploratory  atap  in 
investigating  th><  system' 9  linaarity  and  frequency  structure.  Our  ultimate 
objective,  howave  ’,  is  a  pareimcnioue  "parametria"  repraaantation  of  tha  system. 
We  wiah,  in  other  words,  to  model  the  aystetn  as  a  set  of  linear  differential 
equations,  or  corresponding  linear  difference  equations,  of  as  low  an  order  as 
possible,  and  thenoe  to  estimate  certain  meaningful  physichl  parameters,  such 
as  "damping  factor"  and  "natural  frequency"  [11,  12]. 

All  of  the  ensuing  illustrations  arise  from  the  two  tima  series  traces 
shown  st  the  bottom  of  Fig.  3,  random  stimulus  current  envelope  (I  )  end 
contralateral  skin  conductance  (SCR).  All  records  have  bean  analogically 
low-pass  filtered  et  8.0  Hz  (-18  dB/octava)  prior  to  digitization  at  a  rate  of 
1  aample/56  msec.  They  ere  than  zero-phase  low-pass  filtered  at  0.45  Hz  with 
a  recursive  HR  digital  Butterworth  filter  [13],  with  leading  and  trailing  points 
removed.  The  data  are  than  hexadecimeted,  leaving  256  points,  with  an  effective 
sampling  rate  of  1  sample/896  msec,  representing  229.4  sec  of  date. 

In  Fig.  4  is  shown  the  estimated  cross  correlation  function  relating 
and  SCR  for  positive  and  negative  lags,  computed  by  tha  sectioned  fft 
correlation  algorithm  of  Rader  [14],  outlined  in  Chapter  11  of  [15].  We  see 
here  clear  evidence  of  a  pure  transport  delay,  which  is  estimated  at  2.6  sec, 
a  physiologically  acceptable  value  which  is  comparablt  to  those  observed  upon 
presentation  of  pulsed  stimuli.  Ths  peek  correlation  estimate  in  Fig.  4  is 
p-0.6.  However,  it  should  be  realized  that  the  sample  cross  correlation  function 
suffers  from  a  very  large  correlation  between  neighbouring  estimates  and  that 
it  may  be  advisable  first  to  prewhiten  each  aeries  [10]. 
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Figure  4,  Estimated  Cross-Correlation  Function,  I^-SCR 

A  cross-spectral  analysis  of  these  same  data  is  shown  in  Fig.  5.  All 
spectra  are  computed  by  Welch's  method  of  time  averaging  over  short,  modified 
overlapped  periodograms  [16,  17].  Zt  is  well  known  that  application  of  suoh 
methods  requires  a  great  amount  of  judgement  on  the  part  of  the  analyst,  in 
order  to  reduce  the  bias  and  variance  of  the  speotral  estimates  while  simul¬ 
taneously  maintaining  adequate  spectral  resolution  and  reducing  leakage  due  to 
finite  length  datA  windowing.  In  the  method  used  here,  a  choice  has  been  made 
of  a  suitable  data  window  and  data  segment  length,  in  a  fashion  analogous  to 
the  "window  carpentry"  and  "window  closing"  of  Jenkins  &  Watts  [10],  For 
Fig.  5  all  data  segments  were  multiplied  by  a  raised  cosine,  or  Hann  window. 

Not  presented  here,  although  quite  illustrative  of  the  amount  of  variance  in 
the  estimates,  are  the  intermediate  results  for  the  some  series  as  the  data 
segmentation  else  is  progressively  decreased.  Suffice  it  to  say  that  the 
representation  of  Fig.  S  is  very  highly  smoothed,  and  therefore  highly  biased. 
Since  we  do  not  expect  any  sharp  spectral  peaks  in  these  data,  we  shall  remain 
temporarily  satisfied  with  these  estimates »  however,  we  shall  shortly  see  how 
parametric  speotral  analysis  may  overcome  many  of  the  shortcomings  of 
conventional  spectral  analysis.  In  any  case,  it  is  quite  important  to  present 
the  bottom  graph  of  Fig.  5,  a  frequency  domain  representation  of  the  equivalent 
convolution  window  resulting  jointly  from  the  data  windowing  and  segment 
averaging  procedures.  The  computed  "equivalent  noise  bandwidth"  (ENBW)  is 
0.0001  Hs  and  the  number  of  "equivalent  degrees  of  freedom"  (EOF)  for  all 
estimates  is  23.5  [18]. 

The  next  two  cvirvas  are  the  power  spectral  estimates  of  the  stimulus  and 
response  signals.  The  computed  equivalent  bandwidths  (EBW)  are  0.32  Ms  and 
0.21  Hz  respectively,  demonstrating  obvious  low-pass  characteristics.  Note 
that  both  graphs  are  plotted  to  a  scale  of  20  dB/di vision.  We  see  here  that 
the  random  stimulus  has  been  designed  to  be  "spectrally  flat"  beyond  the 
expected  bandwidth  of  the  response  signal,  and  thus  to  be  effectively  "white". 
(In  fact,  the  stimulus  currant  envelope  was  generated  by  a  Hewlett-Packard 
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6037A  Precision  Noise  Generator  with  the  output  low-pass  filtered  at  0.3  Hz. 

Since  signals  of  different  bandwidths  have  been  found  to  be  perceptually 
different,  and  since  linear  differential  equation  parameters  may  be  expected 
to  change  for  different  input  spectra,  manipulation  of  the  EBW  of  the  stimulus 
current  envelope  is  an  experimental  parameter  which  should  be  investigated 
further.  A  second  experimental  parameter,  the  variance  of  the  stimulus  envelope, 
is  perhaps  the  most  intangible,  since  there  is  no  use  expressing  it  in  terms 
of  physical  units,  in  light  of  the  discussion  of  Part  1,  the  level  of  stimulus 
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aversiveness  depends  on  the  electrode  preparation  and  on  the  subject's  perception 
of  the  sensation.  At  present,  we  attempt  to  maintain  all  stimuli  in  a  range 
between  the  subjective  sensation  levels  "suprathreshold"  and  "intolerable".) 

The  sina  qua  non  of  the  entire  quasi-linear  analysis  is  the  graph  of 
magnitude  squared  coherence.  Here  we  observe  a  surprising  degree  of  linear 
coherence,  with  maximum  values  of  close  to  0.7.  The  horisontal  line  across  the 
bottom  of  the  graph  represents  the  value  for  which  there  is  a  5%  probability 
that  the  true  coherence  is  aero  [19,  20 ].  This  threshold  value,  based  on  the 
number  of  sdf,  is  then  used  as  the  criterion  for  defining  a  band  of  significant 
non-sero  linear  ooherenoe,  The  number  labelled  "83V"  represents  an  estimate 
of  the  Shannon-Qelfand-Xaglom  mount  of  information  about  the  stimulus  signal 
present  in  the  response  signal  [21,  22  J,  it  is  oomputed  according  toi 

SOY  -  -  /  log  <1-y3<<>>  df 

where  y2(f)  is  "linear  thresholded  ooherenoe".  The  integration  is  thus 
performed  for  frequency  (f)  over  the  previously  determined  range  of  non-sero 
ooherenoe.  The  SOY  measure  may  then  be  considered  as  a  unified  or  scalar 
measure  of  the  degree  of  linearity  relating  the  two  signals, 


The  next  two  graphs  are  estimates  of  the  linear  transfer  function  magnitude 
and  phase.  Note  that  the  magnitude  graph  has  a  scale  of  10  dB/division,  while 
the  individual  autospectra  are  plotted  at  20  dB/division.  The  phase  estimate 
has  been  "unwrapped",  in  order  to  produce  a  single  smooth  curve  [23].  Both 
ourves  are  bounded  by  9SI  oonfidenoe  limits,  based  on  the  coherence  estimate 
and  the  EDF  [10,  17].  It  is  clear  that  from  the  magnitude  curve  essentially 
no  information  may  be  derived,  because  of  the  low  coherence  at  low  and  high 
frequencies.  This  is  one  of  the  shortcomings  which  we  shall  attempt  to  over¬ 
come  in  the  following  parametric  analysis.  The  errors  on  the  phase  function 
appear  quite  small i  however,  this  is  due  to  the  large  vertical  scale,  and 
again  there  is  a  vary  loose  bound  at  low  and  high  frequencies.  The  two  main 
pieces  of  information  to  be  derived  from  this  graph  arei  a)  the  apparently 
linear  slope  of  approximately  -2.5  to  -3.0  seconds,  in  agreement  with  the 
previous  oross-correlation  estimate,  thus  confirming  the  causal  stimulus-response 
relationship  (i.e.,  driving))  and  b)  an  apparent  positive  phase  intercept, 
demonstrating  a  systematic  phase  lead  and  thus  implying  that  the  subject  is 
somehow  anticipating,  or  predicting,  the  time  course  of  the  shock  stimulus. 

When  a  2.6  sec  time  lag  is  removed  by  "alignment"  [10 ],  this  phase  lead  beoomes 
much  more  evident,  as  the  phase  function  estimate  becomes  essentially  horisontal 
and  positive.  (In  addition,  the  coherence  estimate  beoomes  much  improved  by 
the  operation  of  aligning,  as  predicted  by  Jenkins  fi  Watts  [10],  reaching 
values  of  0.8.) 


Finally,  the  top  graph  in  Fig.  5  is  an  estimate  of  the  system's  linear 
impulse  response  in  the  time  domain.  It  is  derived  by  inverse  Fourier 
transformation  from  the  transfer  function  magnitude  and  phase  estimates.  Note 
the  peak  value  at  2.6  sec.  once  again,  a  more  representative  (less  biased) 
estimate  of  the  impulse  response  is  obtained  when  the  2.6  seo  lag  is  removed 
by  aligning  the  two  series.  Bearing  in  mind  that  discrete  Fourier  analysis  of 
finite  length  data  records  is  a  finite  approximation  to  an  infinite  prooess, 
this  impulse  response  estimate  is  non -par ame trio ,  since  an  effectively  infinite 
number  of  parameters  is  required  to  specify  the  prooess.  Specifically,  the 
number  of  parameters  equals  the  number  of  data  samples  (256).  Clearly,  the 
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series  may  be  truncated  at  some  point  with  very  little  error ;  however,  there 
will  still  be  many  more  parameters  than  needed  for  a  suitably  chosen  parametric 
model,  as  shown  in  the  following  section. 

3.2  Autoregressive  Moving  Average  Models 

In  this  section  there  will  be  presented  two  approaches  for  fitting  a 
finite  order  paranatrio  series  to  the  data  of  the  previous  section,  only  one 
of  which  will  be  pursued.  Both  are  able  to  overcome  the  necessity  of  exeroising 
arbitrary  judgement  in  windowing  and  sectioning  in  conventional  spectral  analysis 
since  the  modal  orders  may  be  "objectively"  determined  by  an  information 
theoretic  criterion  C24,  25],  in  addition,  whereas  conventional  spectral 
analysis  methods  tend  to  underestimate  sharp  spectral  peaks  and  overestimate 
speotral  troughs,  the  present  procedures  tend  to  overoome  theae  problems  while 
maintaining  asymptotically  efficient  statistical  estimation  properties.  On  the 
other  hand,  the  concepts  of  degress  of  freedom  and  bandwidth  in  conventional 
speotral  analysis  do  not  precisely  apply  in  parametric  modelled  speotral  analysis 
and,  in  addition,  soma  of  the  flexibility  of  conventional  speotral  analysis  is 
lost. 

In  the  discussion  of  cross-spectral  analysis  no  assumptions  were  made  as 
to  whether  or  not  one  series  was  causal  to  the  other,  tills  in  fact  oould  not 
have  been  assumed  a  priori,  sinoa  this  is  precisely  what  was  sought  when  wa 
endeavoured  to  prove  that  the  stimulus  was  driving  the  response,  by  means  of 
identifying  a  significant  lagged  oross-eorrelation  coefficient  and  a  band  of 
significant  non-sero  spectral  coherence.  Our  tacit  assumption,  therefore, 
was  that  the  two  signals  had  arisen  "on  a  similar  footing"  [10],  and  we  proceeded 
to  show  causality.  In  other  words,  an  input-output  causal  system  is  a  special 
case  of  a  (bivariate)  system  of  two  signals  which  are  mutually  causal. 

in  the  general  aasa ,  wa  therefore  assume  a  system  where  the  two  algnals 
of  interest,  x,(t)  and  x2(t),  are  driven  by  two  (possibly  auto-correlated) 
noise  sources,  such  a  scheme  is  illustrated  in  rig.  6(a).  Here  C.(t)  and  £a(t) 
are  unoorrelatad  white  noise  processes  (with  variances  c,2  and  0,2  * .  The 
two  filters  GL,  (a)  and  a2~(s)  account  for  any  autocorrelation  in  the  noise 
sources  c.ftpand  e.(t).  *  The  filters  H.-fs)  and  H..(s)  account  for  any 

aoupling  Between  the  two  signals  x,(t)  andAx. (t).  Thestructure  of  Fig,  6(a) 
may  be  expressed  more  tractably  in  matrix  foftn  asi 

l  H*x(t-k)  -  l  GL  -5(t-k)  (1) 

k-0  *  k-0  * 

where  xftHCx^t)  Xj(t)3  and  ^(t) Ct)  5a(t)]  are  sampled  2 -vectors, 


'All  transfer  functions  are  given  here  in  terms  of  the  s-transform,  where  the 


s-transform  X(s)  of  a  sampled  sequence  x(n)  is  defined  as  X(s)«  £  x(n)a  n, 

n--»> 

where  a  is  complex.  Setting  *-e3w,  or  in  other  words  projecting  X(s)  onto  the 
unit  circle  |s|«l,  we  arrive  at  the  equivalent  Fourier  transform  values,  X(e3  ) . 
For  a  finite  duration  sequence  x(n),  the  discrete  Fourier  transform  (dft) 
corresponds  to  equally  spaced  sanplee  on  the  unit  oirole  of  its  s-transform  [15], 


Piflurg  6,  Qanaraliaad  Autoragrtgiiva  Moving  Avaraga  (ABMA)  Rapraaantation 

(a)  Bivariata  linaar  pro cats 

(b)  Linaar  input-output  nodal 


and  and  G^  arc  2x2  matrices, 
where  Hq-Gq-I,  the  identity  matrix, 

and  G^-G^-C),  for  a11  k  (i.e.,  G  is  a  diagonal  matrix). 

In  other  words,  we  are  assuming  a  finite  order  structural  model  where  we  express 
the  bivariate  observations  of  x(t)  as  a  linear  combination  of  a  finite  number 
of  past  observations  plus  a  finite  linear  combination  of  past  and  present 
random  unpredictable  inputs i 

x<t)  -  -Hlx(t-l)-Hax(t-2)-...-Hpx(t-p)  +£(t)+Gl£(t-l)-K..-KS^(t-q)  (2) 

This  form  may  of  course  be  generalised  beyond  2x2  matriees  for  a  multivariate 
system. 

ror  the  special  ease  of  q» 0,  wo  have  a  pure  autoregressive  (AR)  model, 
where  the  inputs  £(t)-£(t)  are  already  not  autooorrslated.  When  the  order  of 
this  sstimated  scheme,  p,  is  the  same  as  the  order  of  the  model  that  generated 
the  data,  the  estimated  parameters  are  then  maximum  likelihood  estimates.  In 
addition,  the  AR  speotral  estimates  tend  to  be  unbiased,  and  their  variances 
asymptotically  approach  those  of  conventional  spectral  analysis.  The  speotral 
resolution  of  the  AR  estimator  is  superior  to  that  of  windowed  periodogram 
speotral  analysis!  however,  it  is  highly  sensitive  to  the  signal-to«noise 
ratio  [27].  Least  squares  estimation  of  the  parameters  of  the  AR  model  reduoes 
to  the  solution  of  a  set  of  2pth  order  linear  equations  based  on  estimates  of 
the  covariance  matrix,  and  may  be  solved  recursively  in  a  straightforward 
manner  [26,  29,  30]. 

If  the  assumption  q**0  is  not  true  of  the  real  underlying  process,  however, 
estimates  of  the  system  parameters  H  will  tend  to  be  biased  [7,  8,  12],  We  must 
then  introduce  the  0  parameters  to  account  for  any  autocorrelation  in  £(t) . 

Since  we  are  expressing! 


c(z)  -a(i)»£(z),  or  £(t)  "  l  GL»£(t-k) , 

k-0  * 

G(e)  is  a  moving  average  (MA)  filter,  and  the  model  for  q>0  now  becomes  an 
autoregressive  moving  average  (ARMA)  representation,  in  this  case  ws  may, 
without  loss  of  generality,  set  p»q.  Least  squares  estimation  of  the  H  and  G 
parameters  for  multivariate  series  is  no  longer  a  linear  problem,  but  it  may 
be  variously  solved  by  such  methods  as  the  tuo  stage  least  squares  (2SLS) 
method  developed  by  Gersch  fi  Yonemoto  [26]. 

For  both  the  AR  and  ARMA  models,  it  is  possible  to  select  p,  the  order  of 
the  modal,  from  among  a  choice  of  different  model  orders.  Ths  usual  and  very 
versatile  method  used  is  Akaike's  information  criterion  (AIC) ,  which  prescribes 
the  model  order  k  for  which  the  value  AlC(k) t 

AXC(k)  ■  N'lnjs(k) |  +2d(l+ds),  k-0,1,2....  (3) 

is  a  minimum.  In  equation  (3)  N  ia  the  number  of  data  points;  ) S (k) |  is  the 
determinant  of  the  residual  sum  of  squares  and  cross  product  matrices  (corres¬ 
ponding  to  a  regression  analysis  interpretation  of  model  fitting) r  d  is  the 
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modal  dimanaion  (d-2  for  the  bivariata  aohama  of  Fig.  6(a));  and  a  ia  tha 
number  of  matrices  fitted  (a-p  for  tha  AR  model  and  a-p+q-2p  for  the  ARMA 
model)  [24,  25,  26]. 


The  diaeuaaien  of  Fig.  6(a)  haa  served  as  a  framework  for  understanding 
how  to  modal  two  time  aeries  arising  on  an  equal  footing  from  the  finite  order 
structural  model  described  by  equation  (1) .  Although  the  parameters  of 
equation  (1)  oould  have  been  estimated  by  the  2SLB  method  mentioned  [26],  we 
have  chosen  at  this  point  not  to  present  these  estimates,  but  rather  to  simplify 
the  model  by  using  our  knowledge  of  the  underlying  causality  in  the  system, 
in  Fart  3.1  we  have  seen,  from  the  cross-correlation  lag  (or  phase  function 
slope)  and  band  of  non-sero  coherence,  that  tha  input  aimulus  is  driving  the 
recorded  response,  wa  have  also  speculated  in  Fart  1  that  there  is  essentially 
no  feedback  component  whereby  the  response  might  influence  the  stimulus.  Me 


thsrefors  see  no  need  to  fit  both  the  H. .  and  the  H,.  parameters  of  Fig.  6(a) 
and  equation  (1).  In  theory  one  of  theflr should  turnout  zero i  in  practice,  due 


to  computation  errors  and  errors  inherent  in  estimating  sample  oovarianoes,  this 


is  not  so. 


we  therefore  set  xx(t)-u(t) ,  xa(t)-y(t),  52(t)-?(t) ,  and  Hia-0,  Haa«A 

h21— B,  0aa-c,  for  all  k.  aquation  (1)  may  now  be  written; 


!  AjV(t-k)  -  J  B.u(t-k)  +  f  Ct5(t-k)  (4) 

k-0  *  k-0  K  k-0  * 


where  A^,  B^,  are  scalars  and  u(t)  and  y(t)  represent  the  system's  sampled 

input  and  output  respectively.  Without  loss  of  generality,  we  also  set  Ag-Cg-1, 

and  we  also  set  BQ«0.  This  new  model,  which  is  actually  a  special  case  of  that 

of  Fig.  6(a),  is  shown  schematically  in  Fig.  6(b).  Conceptually,  wa  may  look 
upon  this  representation  as  a  familiar  single  input  single  output  system  with 
additive  observation  noise,  where  we  relate  tha  variables  to  the  physical 
measures  shown  by  the  single  block  representation  of  Fig.  1. 

Least  squares  estimation  of  the  parameters  of  the  generalised  linear 
difference  equation  (4)  may  be  carried  out  with  various  documented  techniques 
[b,  11,  12].  We  have  used  a  2SLS  method  similar  to  that  described  previously 
for  the  estimation  of  multivariate  ARMA  model  parameters  [31].  Briefly,  this 
is  a  non-iterative  computational  procedure  that  is  suitable  for  fitting  large 
order  parametric  ARMA  models  to  data,  given  the  sample  covariance  estimates 
Ruu(k),  Ruy(k),  R^u(k),  Hyy(k).  The  first  stage  computation  assumes  an 

uncorrelated  residual  £(t),  and  fits  a  pure  AR  model  (0^-0,  k>0) ,  by  solving 

a  set  of  linear  least  squares  equations  of  order  2p,  by  block  Toaplita  matrix 
inversion.  These  estimates  are  then  used  to  estimate  the  covariances 
Rug(k),  R^u(k) ,  Ry^(k),  R^(k),  and  R^(k).  The  second  least  squares  stage 

then  inverts  a  3p  block  Toeplits  matrix  to  provide  estimates  of  the  3p  A,  B  and 
C  parameters.  The  AXC  is  computed  for  successive  estimations  at  aaah  stage  for 
increasing  order  p,  until  an  optimum  order  p  is  found  from  tha  minimum  AIC(p) . 
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In  Fig.  7  are  shown  tho  results  of  applying  the  2SL8  input-output  algorithm 
to  the  1  -SCR  data  of  Fig.  3.  The  graphs  are  drawn  to  the  same  scale  as  those 
generatea  by  conventional  spectral  analysis  in  Fig.  5,  for  purposes  of  comparison. 
No  longer  shown  are  the  equivalent  convolution  window,  since  it  has  no  meaning 
here,  and  the  coherence  function,  which  can  not  be  estimated  by  this  method. 

Ihe  reason  for  this  is  that  the  coherence  funotion  is  a  measure  of  the  cross 
power  spectrum  magnitude,  which  is  normalised  by  the  auto-spectra  of  the  two 
individual  time  series,  to  produce  values  between  0  and  1.  Since  the  input  and 
output  auto-spectral  estimates  are  not  produoed  by  the  input -output  ARMA  method, 
they  are  not  available  for  normalisation  of  coharsnce.  In  othar  words,  we  have 
eliminated  estimates  of  H..  and  O.-in  going  from  Fig.  6(a)  to  6(b),  or  from 
equation  (1)  to  (4).  Coherence  estimates  ere  therefore  a  product  of  bivariate 
(or  multivariate)  modelling,  where  the  leries  are  assumed  to  arise  on  an  equal 
footing.  Coherence  could  have  been  estimated  from  the  model  of  equation  (1); 
however,  we  have  not  as  yet  implemented  an  estimation  procedure  for  the  H  and 
0  parameters,  and  so  the  coherence  estimate  is  absent  in  Fig.  7. 

Ths  stimulus  and  response  auto-powar  spectra  in  Fig.  7  have  each  been 
estimated  aa  pure  eutoregreseive  scaler  procsssaa  [32,  33].  Each  has  bean 
fitted  to  p>7th  order  linear  models,  from  ths  minimum  AIC.  They  are  presented 
here  for  comparison  with  the  corresponding  graphs  of  Fig.  5.  Note  that  the 
EBW's  are  very  dose,  and  that,  within  this  bandwidth,  the  shapes  are  also 
vary  similar. 

The  results  of  ths  2SLS  programme  suggested  a  modal  of  order  p»5,  and 
ths  top  three  graphs  of  Fig.  7  are  produoed  by  these  estimates.  Host  valuable 
is  the  transfer  funotion  magnitude  which,  drawn  to  the  same  scale  ee  that  of 
Fig.  5,  clears  up  much  of  ths  ambiguity  of  that  figure.  The  phase  and  impulse 
response  curvae  also  match  up  vary  well. 


From  the  transfer  funotion  magnitude  curve  we  see  that  it  is  not  unreasonable 
to  assume  that  we  are  dealing  with  an  analogua  of  a  structural  system  of  damped 
second  order  coupled  sub-systems  as  msntioned  brisfly  at  tha  beginning  of 
Fart  3.1.  Sinaa  tha  system  has  besn  sxoitsd  by  a  random  forcing  function,  we 
are  able,  from  ths  estimated  parameters  of  ths  linear  difference  equation  (4), 
describing  a  mixad  ARMA  discrete  time  series,  to  estimate  the  damping  coefficients 
and  natural  frequencies  of  e  corresponding  n  degree  of  freedom  second  order 
couplad  oontinuoua  differential  equation  model  L34,  35,  36,  37] .  These  values 
are  specified  by  the  poles  of  ths  transfer  function,  as  determined  by  estimates 
of  the  AA  parameters  (A  values  of  equation  (4)).  in  addition,  estimates  of 
the  coefficients  of  variation  of  ths  structural  syatam  parameter  estimates  con 
be  derived  from  the  ARMA  parameters  (A's  end  B's)  [35,  36].  Accordingly,  for 
the  p«5  model  identified  from  Fig.  7,  we  present  the  following  values i 


Pole  Locations 

0.44  ±  0. 51 j 
-0.23  1  0 . 63 j 


Natural  Frequency 

0.17  H* 

0.23  Hs 


Note  that  pole  locations  are  r  Vven  in  complex  s-plane  coordinates.  The 
coefficients  of  variation  have  not  yst  besn  computed  at  this  point. 
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Figura  7.  2SLS  ARMA  fit  for  Ig-SCR  data  (p-5) 
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He  conclude  by  examining  the  modelled  process  and  speculating  upon  whether 
it  is  possible  to  simplify  it  somewhat.  In  the  ideal  case,  if  the  underlying 
process  is  a  true  finite  order  ARMA  process,  our  method  of  evaluation  of  the 
AIC  should  approach  the  correct  system  order.  Given  that  we  have  not  oomplete 
linearity  and  that  we  expect  many  extraneous  noises,  we  expect  that  the 
residual  error  will  be  quite  large  and  that  our  procedure  will  possibly  oveffit 
the  model,  with  this  in  mind,  we  present  Fig.  8,  which  is  a  representation  of 
the  iterative  results  of  the  2SLS  ARMA  identification  procedure  for  the  same 
data,  for  successive  orders  of  p  from  2  to  6.  Recall  that  the  results  of 
Fig.  7  are  for  p»5.  The  left-hand  column  of  graphs  are  a-plane  estimates  of 
the  pole  (X)  and  sero  (0)  locations.  Bach  large  oircle  represents  the  curve 
I*  pi.  In  the  right-hand  oolumn  of  graphs  are  the  transfer  function  magnitude 
estimates  corresponding  to  the  pole-aero  plots.  All  vertioal  scales  are  set 
equal  at  10  dB/division.  At  the  bottom  of  Fig.  8  is  a  graph  of  AXC(p)  vs  p  for 
a  set  of  successively  computed  model  orders.  We  see  that,  as  the  model  order 
is  increased  for  p>2,  the  poles  and  aeross  ahift  around  somewhat,  but  that 
there  is  a  great  tendency  for  the  additional  X's  and  o' a  to  oancel  each  other, 
we  should  therefore  seriously  consider  the  conclusion  that  p-2  is  of  sufficient 
order  to  model  our  data,  and  that  the  underlying  input-output  system  may  be 
modelled  by  a  single  damped  second  order  system  [39 j,  The  poles,  in  this  case, 
are  at  0.53  ±  0 . 40 j ,  and  we  have  a  damping  coefficient  of  0.54  and  a  natural 
frequency  of  0.14  Ha. 


4 .  CONCLUSION 


In  this  paper  we  have  presented  a  unique  psyohophysiological  experiment 
for  probing  the  dynamic  response  characteristics  of  the  human  autonomic  nervous 
system.  By  presenting  subjects  with  a  localised,  continuously  fluctuating, 
low-pass,  randomly  amplitude  modulated,  noxious  electric  current,  and  by 
recording  a  number  of  elicited  responses,  we  have  shown  that  it  is  possible 
to  drive  the  responses  in  a  non-decrementing  fashion.  We  then  attempted  to 
estimate,  to  a  first  approximation,  soma  of  the  properties  of  an  input-output 
describing  function.  With  no  assumptions  about  the  underlying  system  struatura, 
we  present  the  following  list  of  potentially  meaningful  identifiers,  or 
characteristic  system  parameters. 

1.  estimated  cross-correlation  coefficient 

2.  estimated  transport  delay 

3.  estimated  response  bandwidth 

4.  width  of  identified  band  of  estimated  non -zero  coherence 

5.  Shannon-Self and-Yaglom  measure  of  amount  of  information  about 
the  input  in  the  output 

6.  aero  frequency  phase  lead  (or  lag) 

We  then  proceeded  to  speculate  that  the  underlying  generating  mechanism  is  a 
one  degree  of  freedom,  damped  second  order  system,  whose  identified  damping 
coefficient  and  natural  frequency  may  also  be  taken  as  meaningful  system 
identifiers. 
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Two  approaches  of  system  identification  were  used.  The  first,  non-paramet.ric , 
method  utilized  "conventional"  windowed  periodograra  cross-spectral  analysis. 

Taken  in  terms  of  input-output  models,  this  effectively  reduces  to  an  infinite 
order  moving  average  (MA)  representation.  Having  mentioned  many  of  the 
advantages  and  disadvantages  of  this  approach,  we  proceeded  to  model  the  system 
with  finite  order  linear  difference  equations,  as  an  autoregressive  moving 
average  (ARMA)  process.  The  implications  of  a  bivariate  time  series  approach 
were  discussed,  but  the  sub-case  of  a  causally  defined  input-ouput  system  was 
pursued.  Sample  results  for  stimulus  current  input— skin  conductance  response 
output  were  produced  by  the  two  approaches  and  were  compered.  We  wish  to 
emphasise  the  flexibility  and  relative  objeotiveness  of  the  time  series  approach, 
in  aonjunation  with  the  application  of  Akaike's  information  criterion  (AIC) . 
Although  not  yet  in  wideepread  use  in  the  area  of  human  operator  manual  control 
modelling,  we  foresee  an  incraaee  in  its  utilisation  [40]. 

some  potential  applications  of  the  experiment  presented  here  arei 

a)  the  study  of  man's  ability  to  tolerate  various  intensities  and  types  of 
stress,  for  purposes  of  personnel  selection  or  training > 

b)  the  study  of  the  effeot  of  summation  of  individual  stressors » 

o)  the  examination  of  the  possible  effects  of  "autonomic  resonance"  induced 
by  oyolioally  presented  arousal  stimuli; 
d)  the  identification  of  "autonomic  lability"  of  various  population  groups 
that  may  be  especially  susceptible  to  certain  psychiatric  disorders  [2,  41]. 

We  are  presently,  in  our  laboratory,  commencing  an  investigation  to  gather  data 
from  a  group  of  psyohiatrio  outpatients. 
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Mountain  View,  California 


All TRACT 

A  mathematical  model  Is  presented  whioh  desoribes  the  manual  deceleration 
of  a  helioopter  or  VTOL  aircraft  from  high  speed  flight  to  hover.  The  model 
combines  the  rules  of  visual  perception  with  the  crossover  model  of  the  human 
operator.  The  result  is  a  two  parameter,  time  varying  description  of  olosure 
speed  versus  range  for  whloh  time  and  deceleration  can  be  solved  directly.  The 
model  oompares  well  with  flight  test  measurements  of  helioopter  deceleration 
maneuvers.  One  potential  use  of  the  model  is  as  a  simulator  validation  tool 
by  comparing  simulator-measured  model  parameters  with  in-flight  measurements . 
Extension  of  the  model  to  vertical  and  lateral  axes  Is  briefly  discussed. 


LXII  Of  I  UMBO  If 

A  Effective  size  of  viewed  object 

c  Constant  (eg.  6) 

h  Altitude 

li  Altitude  rate 

k  Constant  of  proportionality  for  range 

kh  Constant  of  proportionality  for  height 

ky  Constant  of  proportionality  for  lateral  offset 

n  Exponential  oonstant  (Eq.  6) 

R  Range  from  hover  point 

6  Range  rate 

ft  Deceleration 

Rp  Perceived  range 

HpK  Peak  deceleration 

y  Lateral  offset 

y  Lateral  velocity 

t  Time 

(Numerical  subscripts  are  used  to  denote  corresponding  range- time 
combinations . ) 
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introduction 


The  manually  controlled  decelerating  approach  to  hover  in  a  helicopter  or 
VIOL  aircraft  is  normally  viewed  as  a  time  varying  maneuver  for  which  conven¬ 
tional  analysis  techniques  do  not  apply.  A  mathematical  model  has  been 
formulated,  however,  which  oombines  the  crossover  model  with  the  effects  of 
visual  perception  and  yields  a  simple  guidanoe  3nw  which  agrees  well  with  In¬ 
flight  measurements  of  pilot  notions.*  Although  the  model  Is  time  varying,  it 
permits  closed  form  solutions  for  speed,  acceleration,  and  time  as  functions 
of  range.  In  addition,  the  same  ideas  applied  to  the  deceleration  model  can 
also  be  extended  to  vertioal  and  lateral  flight  path  guidance. 

In  the  following  pages  we  denoribe  the  basis  of  the  model,  its  practical 
formulation,  agreement  with  flight  data,  and  potential  applications. 


monizoAL  iAs  x« 

The  hypothesis  used  to  formulate  the  decelerating  approach  model  is  that 
range  rate  is  varied  in  direct  proportion  to  perceived  range,  l.e., 

A  -  -h  Rp  (1) 

where  R  is  actual  range  rate 
Rp  is  perceived  range 
k  is  the  constant  of  proportionality 

This  carries  the  implication  of  rate-oommand-like  behavior  implicit  in  the 
crossover  model  of  the  human  operator  as  described  in  Ref.  1  with  allowance 
for  visual  perspective  effects. 

The  key  to  describing  the  visual  aspect  is  provided  in  Ref.  2  where  the 
psychological  measurements  of  apparent  size  and  distance  are  related  to  various 
analytically  derived  relationships.  It  is  shown  that  peroelved  range,  Rp,  is 
related  to  true  range,  R,  by:  ' 

*p  ■  T+^r7a  <2) 

where  the  length  A  is  a  measure  of  the  affeotive 
size  of  the  objeot  being  viewed. 

Thus  the  psychological  perception  of  range  combined  with  the  orossover  model 
for  human  operator  behavior  leads  to  the  following  block  diagram  description 
for  control  of  range- to-go: 


*  The  model  was  developed  in  direct  support  of  Naval  Air  Engineering  Center 
Contract  N68J55-78-C-2019  and  Naval  Air  Development  Contract  N62269-77-C-0509  * 


546 


•ounzoir  or  m  wmm  jaw 


The  above  guidance  lav  yield!  a  direct  closed-form  solution  If  the  cross* 
over  gain,  k,  and  the  effeotlve  size  parameter,  A,  are  assumed  oonstant. 
Starting  with  Bq.  3, 


and  Integrating 


-k  R 

TTK7E 


/Ro 

(5  4) 


ve  obtain  the  result 


where 


*2  "  *1  "  K 


H,  -Bg 


Rl  Is  range  at  time  tj 
R2  is  range  at  time  tg 


Inertial  deceleration  with  range,  fi,  can  be  computed  by  differentiating 
Bq *  3,  l.e., 


(1  +  R/A)5 

A  maximum  deceleration  oan  thus  be  found  to  ooour  at  a  range  equal  to  A/2  with 
a  magnitude  of  4k2A/27.  Plots  of  range  rate  and  deceleration  therefore  have 
the  characteristic  shapes  shown  in  Pig.  1 . 


AonoDoan  with  iliobsd  data 


The  analytical  model  thus  described  reflects  the  essential  features  of 
deceleration  profiles  obtained  from  flight  test  measurements.  Reference  3 
contains  data  based  on  two  hundred  approaches  by  various  pilots  using  four 
types  of  helioopters.  The  approaches  were  started  at  combinations  of  three 
airspeeds  and  three  altitudes.  Representative  initial  conditions  for  the 
approaoh  were  considered  to  be  60  kt  airspeed  and  1,000  ft  altitude.  A  typical 
deceleration  profile  taken  directly  from  Ref.  3  is  shown  in  Fig.  2  with  two 
analytical  guidanoe  modal  solutions  superimposed,  assuming  k  and  A  to  be  con¬ 
stants.  The  model  parameters  k  and  A  are  taken  to  be  0.23/seo  and  600  ft  in 
one  case  and  0.30/seo  and  400  ft  in  the  other.  Note  that  the  characteristic 
shape  of  the  deceleration  profile  is  followed  using  either  pair  of  values  for 
k  and  A  although  one  pair  matches  the  longer  ranges  better  and  the  other  pair, 
the  shorter  ranges .  This  iray  reflect  a  shift  in  the  effective  field  of  interest 
by  the  pilot  between  lone  range  and  short  range.  At  longer  ranges  the  field  of 
interest  may  encompass  the  overall  landing  area,  hence  a  larger  value  of  A{ 
and  at  shorter  ranges  the  pilot  may  focus  only  on  the  precise  landing  spot  with 
a  correspondingly  smaller  A.  Nevertheless,  a  reasonably  accurate  deceleration 
profile  is  given  by  a  single  set  of  (oonstant)  model  parameters. 

The  method  used  to  pick  a  value  for  A  can  be  based  on  an  empirical  relation¬ 
ship  noted  in  Ref.  3,  that  is, 

j  ■  o  Ra  (6) 

where  o  and  n  are  constants 

The  analytical  guidanoe  model,  at  the  same  time,  can  be  represented  in  the 
following  form: 

*2 

Yf  -  R(1  +  R/A)  (7) 

Therefore,  to  solve  for  A  we  can  match  RS/H  over  the  range  of  the  deceleration 
maneuver.  The  results  of  this  match  for  A  «  600  ft  are  shown  in  Fig.  3. 

The  second  parameter,  k,  oan  be  chosen  by  matching  peak  deceleration.  Thus 
with  the  A  obtained  using  Eq.  7  we  oan  solve  for  k.  using  tho  theoretical  peak  M: 


k  - 


Therefore,  if  la  0.15  &>  than  k  is  O.P5/seo. 
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son  of  Deceleration  Profiles  Between  Analytical  Model  and.  Plight  Test  Seta 


Flight  t«at  data 


■  R(l  +  R/A)  for  A  ■  600  ft 


r  -  0  tr  (as  suggested  ia  Rtf.  3) 
R  for  0  -0.23  and  n  -  1 . 36 


ubutjimss  or  no  mddsl 


The  deceleration  model  described  here  is  useful  because  it  represents 
pilot  behavior  over  a  wide  range  of  speeds  with  a  minimal  number  of  parameters. 

At  long  range,  the  model  yields  a  constant  alosure  speed;  at  zero  range  it 
provides  suitable  hover  position  regulation. 

The  value  of  this  is  that  it  allowB  us  to  study  a  relatively  oomplex  and 
fairly  long  term  maneuver  with  some  insight  into  the  faotors  involved.  In¬ 
terestingly  enough,  the  two  parameters  involved  oan  eaoh  be  assooiated  with  the 
two  aspects  of  the  maneuver  —  the  perception  of  the  visual  field  and  the 
response  of  the  overall  pilot-vehicle  combination,  fror  example,  it  may  be 
desirable  to  relate  the  size  of  A  to  a  speoific  landing  site,  e.g.,  to  a  con¬ 
ventional  helicopter  pad,  to  a  shipboard  landing  pad,  or  to  an  open  field. 

Ae  for  the  pilot  vehicle  gain,  k,  we  oan  readily  identify  its  role  as  the 
crossover  frequency  in  hovering.  The  model  as  formulated,  however,  implies 
that  the  effective  crossover  frequency  is  really  range-varying  aooordlng  to 
how  the  landing  site  is  visually  peroelved. 

As  &  simulator  tool  the  model  described  here  has  a  special  value  in  manned 
simulation.  Decelerating  approaches  made  on  a  simulator  could  be  compared  to 
aotual  approaches  in  .terms  of  the  two  parameters  identified.  For  example, 
aooordlng  to  Ref.  k  there  is  some  evidanoe  that  the  pilot's  perceived  range 
differs  depending  upon  the  means  of  displaying  outside  visual  Information  in 
a  simulator  (i.e.,  whether  a  video  display  is  collimated  or  not).  The  Idea  then 
would  be  to  use  this  model  as  a  simulator  tool  •—  to  see  whether  the  k  and  A  of 
a  simulation  agree  with  those  of  a  flight  situation. 

The  medal  has  a  similar  value  with  regard  to  training  or  establishing 
progress  along  a  learning  curve.  It  has  been  observed  that  as  piloting  skill 
develops  for  a  given  task,  behavior  becomes  more  consistent  and  starts  to  fit 
into  a  rather  constrained  pattern  or  model.  This  phenomenon  has  bean  observed 
in  suoh  tasks  as  glide  slope  traoking  and  landing  flare. 

One  important  application  of  the  model  may  be  with  regard  to  automatic 
approach  guldanoe  systems.  Since  the  model  refleots  the  essential  features  of 
a  manual  decelerating  approaoh,  it  could  provide  the  hauls  of  an  autopilot 
guldanoe  law  which  closely  mimics  manual  operation.  Thus  the  resulting  auto¬ 
matically  performed  maneuver  might  be  easier  to  monitor  and  more  amenable  to 
manual  takeover,  if  required,  than  for  guidance  laws  based  on,  say,  constant 
deceleration  or  on  velooity  varying  in  direct  proportion  to  range  (exponential 
deoeleration) . 

Finally,  we  speculate  that  the  deoeleration  maneuver  performed  in  an 
alroraft  is  akin  to  a  stopping  mansuvor  in  an  automobile,  henoe  the  analytical 
model  presented  here  should  apply.  In  stopping  a  oar,  most  of  us  oan  probably 
identify  with  a  gradual  application  of  brakes  (i.e.,  deceleration)  up  to  a 
point  then  letting  off  the  brake  in  the  final  few  feet.  Presumably,  the 
effective  size  of  the  object  being  approaahad  in  stopping  an  automobile  (i.e., 
the  value  of  A)  would  be  in  line  with  the  dimensions  of  a  roadway  or  intersection. 
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The  deceleration  model  as  described  here  applies  to  range  only.  We  can 
extend  It  to  vertloal  and  lateral  axes,  however,  by  the  same  application  of 
rules  of  visual  perspective. 

Acoordina  to  Ref.  2  perceived  size  obeys  the  same  relationship  as  perceived 
range  in  Bq.  2.  We  can  follow  this  line  of  reasoning  and  hypothesize  that: 


Perceived  Altitude  Perceived  Lateral  Offset  1 

i —  Ji  .  ■  Actual  Lateral  Offset  "  i  +  R/A 


\  -  m\Trm 

"Vp  -  -lty 

Closed  form  solutions  for  velocities  and  accelerations  can  be  obtained  ae 
functions  of  range  in  the  same  way  as  for  range-related  variables  A  and  M. 
Although  the  detailed  development  and  correlation  with  flight  data  Is  the 
subjeot  of  a  subsequent  paper,  the  altitude  guldanoe  model  does  appear  to 
refleot  the  essential  characteristics  of  aotual  decelerating  approaches  in 
helicopters.  The  usefulness  of  this  extension  follows  that  of  the  range  model. 


Aotuai  Altitude 


Hence, 


and 


OOHOUiXOM 

The  fixed  parameter  deceleration  model  presented  here  is  based  on  a 
rational  hypothesis  whioh  combines  the  basio  rules  of  visual  perception  with 
the  idea  of  a  constant  coefficient  crossover  model  of  the  human  operator.  The 
resulting  guldanoe  model  formulation  permits  easy  manipulation  and  solution 
using  range  as  the  independent  variable.  Most  important,  the  model  reflects 
the  essential  characteristics  seen  in  aotual  flight  maneuvers. 

The  usefulness  of  the  visual  deceleration  model  applies  to  a  number  of 
applications.  In  simulation,  the  model  represents  a  validation  tool  as  well 
as  a  gauge  of  pilot  performance  and  learning.  Since  only  two  parameters  are 
involved,  on-line  identification  can  be  carried  out  with  minimal  computational 
impact.  Also  potential  flight  test  applications  are  similar  to  those  of  the 
simulator.  Even  an  automotive  application  may  exist.  But  perhaps  the  most 
fruitful  use  of  the  model  is  in  connection  with  automatic  guidance  law  formula¬ 
tion  where  the  mimicking  of  manual  operation  offers  advantages  for  pilot  moni¬ 
toring.  Finally,  the  same  ideas  used  to  create  the  range  model  can  be  applied 
to  vertloal  and  lateral  guidance. 
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AM  TRACT 

A  method  for  quantifying  fixed  wing  V/STOL  aircraft  field-of-vlew  require¬ 
ments  is  described  and  illustrated  by  a  variety  of  examples  involving  different 
approaoh  trajectories  leading  to  a  station-keeping  point  for  shipboard  recovery 
The  analytic  technique  employed  accounts  for  the  combined  variability  in  field 
of  view  caused  by  several  factors .  The  first  of  these  is  the  combination  of 
six  degrees  of  freedom  of  the  airoraft  as  the  pilot  attempts  to  guide  and  to 
oontrol  the  airoraft  over  the  recovery  area.  Turther,  this  technique  inoludes 
the  effects  of  the  moving  ship,  airwake  turbulence,  limited  visibility,  and 
divided  attention  among  multiloop  oontrol  activities .  The  required  field  of 
view  Is  a  function  of  (l)  the  looation  of  the  pilot's  point  of  regard  on  the 
ship,  (2)  the  airoraft  orientation,  and  (3)  the  relative  position  of  the  air¬ 
craft  with  respect  to  the  ship,  but  in  praotioe  the  field  of  view  may  be 
restricted  by  oookpit  occlusions .  The  resulting  field-of-vlew  requirements 
depend  in  a  critical  way  on  the  predicted  model  of  the  ship's  airwake  disturbance 
environment.  Validation  of  the  airwake  environment  for  V/STOL  operations  with 
aviation  facility  ships,  therefore,  is  an  imperative  recommendation  resulting  from 
this  study.  If  airwake  turbulence  should  prove  to  be  as  upsetting  in  reality 
as  the  present  model  suggests,  the  airoraft  will  need  high  authority,  high 
bandwidth  flight  oontrol  systems  in  order  to  function  effectively  in  this 
environment  —  much  higher  than  is  typioal  of  current  heliooptar  praotioe. 
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h  Height  above  station-keeping  point 

DOS  Depressed  elevation  angle  of  line  of  sight  to 
v  center  of  landing  pad  with  respect  to  horizon, 
except  in  Fig.  8,  where  L0Sv  is  defined  to  the 
upper  edge  of  the  hangar  face.  (This  scale  is 
not  to  be  used  in  determining  the  subtended  angle 
of  any  other  point  on  the  pad.)  L0Sv  is  positive 
down. 


This  research  was  sponsored  by  the  Crew  Systems  Division  of  the  Naval  Air 
Development  Center  under  Contract  N62269-77-C-0509*  Mr.  Paul  Linton  was 
the  contract  technical  monitor. 


Rgj  Observer's  slant  range  to  station-keeping  point 
bO  ft  above  center  of  landing  pad  (70  ft  above 
sea  level) 

t  Tine  to  go  to  station-keeping  point 

WOD  Wind- over- deck 

xa  Ship's  oenterline  axis  positive  forward  of  station- 
keeping  point 

ya  Ship's  lateral  axis  positive  to  starboard 

A\|r  Relative  bearing  angle  of  line  of  sight  to  center 
of  landing  pad  with  respeot  to  airoraft  nose, 
positive  right.  (This  scale  is  not  to  be  used 
in  determining  the  subtended  angle  of  any  other 
point  on  the  pad. ) 

X,ju  Horizontal  and  vertioal  viewing  angles,  respectively, 

with  reference  to  the  nominal  line  of  sight  defined 
by  A\|r,  LOSy .  ‘  (These  scales  may  be  used  to  determine 
the  subtended  horizontal  and  vertioal  angle  of  any 
point  on  the  pad).  X  is  positive  right;  u, 
positive  down. 

o  Root-mean- square  deviation  in  general 

0., 0  Horizontal  and  vertioal  semi-axes,  respectively, 

A  w  of  root- sump square  ellipses  describing  field  of 
view  perturbations  due  to  airoraft  and  ship 
perturbations 
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The  most  difficult  piloting  tasks  encountered  in  vertical/short  take-off 
and  landing  (v/STOL)  airoraft  are  the  transition  from  aerodynamloally  supported 
flight  to  thrust-supported  flight,  and  the  subsequent  recovery  aboard  a  ship 
or  unprepared  forward  site.  A  significant  portion  of  the  difficulty  experienced 
in  these  piloting  tasks  is  due  to  the  fact  that  out-of-the-cookplt  visibility 
in  past  and  current  V/STOL  designs  has  generally  been  too  rostrioted  to  provide 
adequate  visual  oues.  Airoraft  designers  have  had  difficulty  in  treating  fleld- 
of-view  problems  since  neither  d*ar  orlteria  nor  standard  procedures  exist 
for  determining  required  outside  visibility  for  this  class  of  airoraft. 
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This  paper  develops  a  rationale  for  quantitatively  determining  fixed-wing 
V/STOL  field-of-view  requirements.  It  provides  a  relevant  predictive  and  evalua¬ 
tive  tool  whioh  models  the  co..plex  interaction  smong  human  visual  processes, 
the  vehicle  approach  profile,  and  the  pilot's  flight  path  control  performance. 

The  model  is  Intended  to  complement  and  support  avionic  system  and  erewBtation 
design  models .  Applied  to  the  development  of  a  new  air  weapons  system  this 
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technique  can  significantly  affect  avionic  and  airframe  design.  The  model 
specifies  precise  visual  requirements  for  recovery  aboard  defined  shipboard  pads 
or  forward  sites.  Those  visual  requirements  which  cannot  be  satisfied  by 
piloting  or  canopy/window  considerations  must  be  fulfilled  by  innovative  control 
and  display  concepts. 
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The  analytic  technique  employed  involves  the  dynamic  modeling  of  (a)  the 
reoovery  guidance  and  control  situation  (b)  the  disturbance  environment, 

(o)  the  augmented  aircraft,  (a)  the  pilot's  multiloop  control  activities, 

(e)  the  peroeptual  behavior  of  the  pilot,  and  (f)  the  resulting  geometric  prop¬ 
erties  of  information  elements  within  the  visual  field.  These  factors  are 
oomblned  to  identify  those  areas  of  the  field  of  view  which  are  essential  for 
perception  of  the  oues  neoessary  for  guiding  and  controlling  the  powered?-  lift 
aircraft  to  a  safe  reoovery.  The  technique  also  aocounts  for  the  combined 
variability  in  the  field  of  view  caused  by  rolling,  pitching,  yawing,  surging, 
swaying,  and  heaving  degrees  of  freedom  of  the  aircraft  as  the  pilot  attempts  to 
guide  and  to  control  the  aircraft  over  the  reoovery  spot  on  a  fixed  or  moving 
landing  area.  The  required  field  of  view  la  a  function  of  (a)  the  looatlon 
of  the  pilot's  point  of  regard  on  the  landing  area,  (b)  the  aircraft  orientation, 
and  (c)  the  relative  position  of  the  aircraft  with  respect  to  the  desired 
landing  point.  In  practice,  the  field  of  view  may  be  restricted  by  oookpit 
occlusions;  the  technique  will  also  identify  and  display  these  restrictions 
for  a  specified  airoraft  design. 

The  appendix  describes  the  methodology  and  the  references  whioh  detail 
its  application  to  several  nominal  reoovery  approach  trajectories  to  a  destroyer 
of  the  USS  Spruanoe  class  (DD96J  through  966,  according  to  Refs.  1  and  2) . 


ozAMxrxomoH  or  nomxnll  AmoxoH  twjxotorim 

Five  special  kinds  of  decelerating  trajectories  are  considered  here: * 

•  A  homing  or  pursuit  trajectory  in  which  the  airoraft 
flight  path  vector" is  always  pointed  toward  the  ship 

•  A  trajectory  whioh  follows  a  straight  line  path 

in  the  earth  reference  frame  toward  a  predetermined 
intercept  point  with  the  Bhip 


*  A  sixth  variable  deceleration  trajectory  (at  constant  glide  slope  and  hori¬ 
zontal  bearing)  in  whioh  inertial  velocities  tangent  and  normal  to  flight  path 
are  proportional  to  visually  perceived  position  —  a  trajectory  whioh  closely 
approximates  manual,  head- up  visual  approaches” to  hover  —  is  described  in 
a  companion  paper,  Ref. 
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•  A  trajectory  which  maintains  a  constant  hearing  with 
respect  to  the  ship  (such  as  a  conventional  approach 
■using  fixed,  line-up  and  glide  slope  angles) 

—  A  constant  sink  rate  trajectory  (at  constant 
horizontal  bearing)  where  deceleration  along 
the  earth  x-axis  is  constant 

—  A  constant  altitude  trajectory  (at  oonstant 

horizontal  tearing)  where  deceleration  along  the 
earth  x-axie  is  oonstant 

Figure  1  depicts  examples  of  the  five  vertical  plane  trajectories  and  three 
horizontal  plane  trajectories  in  the  ship's  frame  of  refsrsnos.  The  ship  is 
underway  at  20  let  on  a  fixed  course  in  calm  air.  Thus  the  forward  motion  of  the 
ship  is  gensrating  the  relative  wind- over- deck  (WOD)  of  20  kt  along  the  ship's 
oenterllne.  (Subsequently  we  shall  estimate  the  disturbing  effects  of  the  ship'B 
motion  and  air  wake  turbulence  in  sea  state  5  with  43  kt  WOD.)  Eaoh  trajeotory 
terminates  at  40  ft  deck  height  directly  over  the  center  of  the  recovery  oirole. 
The  termination  of  the  honing  or  pursuit  trajeotory  is  aligned  with  the  WOD 
and  ooinoides  with  the  constant  altitude  trajeotory  by  design  without  special 
maneuvers,  but  the  missed  approach  routs  is  blocked  by  the  aft  mast  and  stack. 
Both  the  straight  line  (in  the  earth  reference  frame)  end  the  oonstant  sink 
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Figure  1 .  Exemplary  Approach  TrajeotorieB  in  Ship's  Reference  Frame. 
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rate  trajectories  require  special  terminal  maneuvers  to  arrest  the  descent  and 
to  match  the  ship's  velocity.  The  constant  bearing  and  glide  slope  trajectory 
(in  the  ship's  reference  frame)  is  compatible  with  existing  visual  landing  aids 
on  the  ship.  Maneuvering  requirements  for  the  homing  or  pursuit  and  constant 
bearing  trajectories  are  discussed  In  Ref.  4., 


THE  PILOT* ■  Vm  PROM  1/LQK  KQMSML  SXAJXGSOK 
WITHOUT  AZMM7T  nttWRBATXOM 

Nominal  field  of  view  requirements  will  be  shown  for  a  V/STOL  aircraft  on 
final  approach  to  the  recovery  deok  of  a  Spruanoe-olass  destroyer  by  a  sequence 
of  perspective  views  of  the  ship  from  the  aircraft  beginning  at  the  minimum 
visual  acquisition  range,  700  ft,  identified  in  Fig.  1.  Each  sequence  ends  with 
the  pilot's  eye  40  ft  above  the  center  of  the  recovery  circle. 

Three  types  of  approach  trajectories  will  be  considered  first:  homing  or 
pursuit,  straight  line  (in  the  earth  frame),  and  constant  bearing  (in  the  ship's 
frame).  In  addition,  a  fourth  constant  sink  rate  trajeotory  and  a  fifth 
"constant  altitude"  trajeotory  in  the  vertioal  plane  will  be  combined  with  a 
constant  bearing  trajeotory  in  the  horizontal  plane.  Detailed  descriptions  of 
these  trajectories  can  be  found  in  Ref.  5. 

The  results  of  the  undisturbed  field  of  view  calculations  for  the  nominal 
homing,  straight  line,  oonstant  bearing,  and  constant  sink  rate  trajectories  are 
presented  in  Figs.  2  through  6,  respectively.  The  illustrations  assume  that  the 
pilot  is  looking  at  the  oenter  of  the  recovery  circle,  whie)i  appears  elllptiaal 
in  perspective;  the  figures  omit,  for  the  time  being,  the  obsourlng  effeot  of 
any  oookplt  structure.  The  origin  of  the  horizontal  viewing  angle  (x)  axis 
corresponds  to  the  horizontal  reference  lino  of  sight  relative  to  the  nose  of 
the  alraraft  at  each  value  of  slant  range,  R^j  thus  the  centers  of  tho  landing 
pads  appear  to  bs  in  the  same  horizontal  line  of  sight  for  the  homing  and  con¬ 
's  tant  bearing  trajectories,  but  not  for  the  straight  line  trajeotory.  The 
origin  of  the  vertical  viewing  angle  (u)  axis  corresponds  to  the  vertioal  line 
of  sight;  thus  the  oenters  of  the  landing  pads  reflect  the  depressed  elevation 
angles  (LOSv)  relative  to  the  horizon  at  each  slant  range,  R^. 

As  long  as  the  airoraft  (pitch  and  roll)  attitude  is  approximately  level, 
fleld-of-view  requirements  for  the  nominal  unperturbed  approach  trajectories 
may  be  interpreted  directly  in  terms  of  the  angles  x  and  /u+LOSy  for  all  tra¬ 
jectories  except  the  straight  line  (in  inertial  space),  for  which  the  horizontal 
field-of-view  requirement  must  be  interpreted  in  terms  of  X  +  Aty. 

Figures  7  and  8  are  projections  of  the  landing  pad  and  hangar  faoe,  re¬ 
spectively,  when  the  aircraft  has  reached  the  hover  point  40  ft  over  the  oenter 
of  the  pad  (Rjj  A  0).  In  Fig.  7  the  pilot  is  assumed  to  be  looking  at  the  center 
of  the  recovery  circle  which  is,  of  course,  at  the  nadir,  but  in  Fig.  8,  his 
line-of-sight  (LOS)  is  shifted  to  the  upper  center  of  the  hangar  face.  Even 
that  line  of  sight  is  depressed  over  33  deg  from  the  horizontal  plane. 
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Figure  2.  Perspective  Views  of  Figure  3-  Perspective  Viewa  of 

Landing  Pad  for  a  Homing  Trajectory  Landing  Pad.  for  a 

Straight  Line  Trajaotory 


1“4h 

Figure  k.  Perspective  Views  of  Landing 
Pad  for  a  Constant  Searing  Trajectory 


Figure  5.  Perspective  Views  of  Landing 
Pad  for  a  Constant  8 ink  Rata  Trajectory 
at  Constant  Bearing 
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Figure  6.  Perspective  Views  of 
Landing  Pad  for  a  Constant  Altitude 
Trajectory  at  Constant  Bearing 


Figure  7.  Perspective  View  of  Landing 
Pad  for  an  Observer  4o  ft  Above 
Landing  Pad  and  Line  of  Sight  Through 
Center  of  Pad 
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Figure  8.  Perspective  View  of  Landing  Fad 
for  an  Observer  40  ft  Above  Landing  Pad  and 
Line  of  Sight  Through  Upper 
Center  of  Hangar  Face 
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Table  1  summarizes  some  tentative  conclusions  based  on  the  foregoing 
examples  of  the  pilot's  view  from  each  nominal  trajectory  without  aircraft 
perturbations . 

TABLE!  1 

COMPARATIVE  CONCLUSIONS  ABOUT  FIELD  OF  VIEW  AMONG  SEVERAL 
NOMINAL  APPROACH  TRAJECTORIES  WITHOUT  AIRCRAFT  PERTURBATIONB 

Homing  trajeotory  (Fig.  2) 

Vertical  field  ie  smallest  sinoe  angle  over  the  nose  is  least 
until  over  the  deck. 

Lateral  field  is  smallest,  if  sideslip  angle  is  zero. 

Straight  line  trajeotory  (Fig.  3) 

Vertical  field  is  larger,  but  ship  may  not  disappear  from  view 
as  early  as  in  constant  sink  rate. 

Lateral  field  is  greatest,  if  sideslip  angle  is  zero. 

Constant  bearing  trajeotory  (Fig.  4) 

Vertioal  field  is  intermediate,  between  that  for  homing  and 
straight  line  until  reaohlng  JO  ft  range-to-go 

Lateral  field  is  smallest,  if  alroraft  heading  is  maintained  constant. 

Constant  sink  rate  trajeotory  (Fig.  5) 

Vertioal  field  is  greatest  —  ship  may  disappear  from  view  below 
nose  at  considerable  range. 

Lateral  field  is  seme  as  for  constant  bearing. 

Constant  altitude  trajeotory  (Fig.  6) 

Vertical  field  is  approximately  the  same  as  for  homing. 

Lateral  field  is  same  as  for  constant  bearing. 


In  the  next  topio  we  shall  illustrate  the  additional  field-of-view  requirements 
imposed  by  controlled  alroraft  perturbation*  oaused  by  the  relatively  aevere 
disturbance  environment  associated  with  sea  state  J  and  L3  kt  wind- over- deck. 


EXAMPLES  07  1KB  PILOT'S  VUE  FROM  JO  TT  HANOI  TO  1KB 
HOVERING  POINT  WITH  CONTROLLED  AIRCRAFT  PERTURBATIONS 


In  the  previous  topic  we  have  Illustrated  how  the  location  of  the  point  of 
regard  on  the  ship  and  how  the  relative  position  of  the  undisturbed  airoraft 
with  respeot  to  the  ship  affeot  the  pilot's  field  of  view.  We  have  seen  that 
the  field-of»view  requirements  will  be  greatest  near  the  ship  in  hovering  and 
near-hovering  flight.  We  now  illustrate  the  combined  effects  of  rotational 
and  translational  disturbances  in  the  controlled  airoraft  motion  on  the  hovering 
and  near-hovering  fleld-of-vlew  requirements . 

The  details  of  the  extensive  analyses  required  to  provide  the  examples 
shown  in  this  topic  are  documented  la  Refs .  6  and  7  and  will  not  be  repeated 
here.*  The  results  depend  in  a  critical  way  on  the  predicted  model  of  the 
ship's  airwake  disturbance  environment  adopted  in  Ref.  6  for  sea  state  j  and 
43  kt  wind- over-deck,  which  present  quite  a  severe  disturbance  environment. 

Two  examples  of  perturbed  field-of-view  requirements  are  presented;  (1)  from 
JO  ft  range-to-go  (to  the  hovering  point)  on  a  constant  relative  bearing 
trajectory  and  (2)  from  the  hovering  point  Itself  40  ft  above  the  center  of 
the  deck.  For  selected  points  of  regard  by  the  pilot  we  oan  estimate  Gaussian 
.  statistical  variances  in  the  required  field  of  view  caused  by  the  predicted 
variances  in  the  six  airoraft  degrees  of  freedom  listed  in  Table  2.'  Corres¬ 
ponding  distributions  of  perturbations  in  terms  of  viewing  angles  will,  however, 
tend  to  be  increasingly  skewed  as  the  point  of  regard  departs  from  the  nominal 
line  of  sight  (the  optioal  axis  of  the  picture  plane),  because  of  the  tangent 
relationship  between  picture  plane  coordinates  and  viewing  angles .  Neverthe¬ 
less  we  can  approximate  the  root-sum-squared  angular  variance  for  the  pilot's 
nominal  line  of  sight  to  the  oenter  of  the  reoovery  circle  by  the  large  ellipse 
in  Fig.  10  at  50  ft  range-to-go  to  station-keeping.  The  riot- sum- squared  varianoe 

*  A  method  for  introducing  aockplt  occlusions  into  the  field-of-vlew  analysis 
is  also  presented  In  Ref.  ?•  An  example  of  the  cockpit  occlusion  for  the 
AV-QA  Harrier  is  ehown  in  Fig.  9  with  the  nominal  field  of  view  of  the 
ship  superimposed  for  JO  ft  range-to-go  to  station-keeping  from  Fig.  4. 

Clearly  this  example  indicates  fltld  of  view  problems  even  without  the 
effoats  of  disturbed  vehicle  motions . 

t  The  predicted  aircraft  motion  variances  in  Table  2  are  based  on  closed-, 'loop 
pilot-vehicle  analysis  of  the  disturbed  aircraft  In  station-keeping  flight 
traoking  the  ship's  landing  paa,  which  is,  in  turn,  disturbed  by  the  sea. 
Predicted  ship*  s  motion  variances  at  the  oenter  of  the  landing  pad  are  also 
listed  In  Table  2.  The  pilot-vehicle  analysis  in  Rwf.  6  used  an  Intermittent 
or  divided  attention  modal  for  the  pilot's  remnant  together  with  the  following 
crossover  frequencies  typical  of  unaided  manual  aircraft  control. 

Control  Loop  I  Crossover  Frequency  (rad/sec ) 
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Figure  9.  Binoouinr  Projection* 
of  the  AV-flA  Oookpit  Oooluilone 
Onto  the  Viewing  Plane  for 
-  50  ft 


TABLE  2 

SUMMARY  OF  ILLUSTRATIVE  MOTION  ERROR  VARIANOES 
FOR  USE  IN  EXAMINING  HOVERING  FIELD-OF-VIEW  REQUIREMENTS 

(From  Ref.  6) 


Mi  liiti  5 

Wind-Ovar-Daok  ■  4}  kt 
Ship  Bpaad,  V,  ■  20  let 

Oloakvlaa  Wava  Dlraotion  Xalatlva  to  Ihlp'i  Btarn,  n  ■  ISO  dog 


Maan-Bquarad  Ship  Motlona  at  tha 
Oantar  of  tha  Landing  Pal 
(Xalatlva  to  Inarblal  Bpaaa)  for  tha  DL965 


Maan-iquara  Alroraft  Notion 
Xalatlva  to  Ship  vhlla 
Btationkaaplng  undar  Manual  Control 


Ship 

Motion 

Varianoa 

Xoll  0® 

(2.08  dag)® 

Pltoh  e® 

(0.77  dag)® 

Yaw  0® 

(0.50  dag)® 

O 

Burga  0* 

(0.40  ft)® 

Sway  0® 

(2.0?  ft)® 

2 

HifcYi  0“ 

(2.71  ft)® 

Alroraft 

Motion 

Varianoa 

Roll  0® 

V 

(2.5  dag)® 

Pltoh  c® 

(5.0  dag)® 

Yaw  0® 

(2.1  dag)® 

Surga  o® 

(11.6  ft)® 

Sway  e® 

(15.5  ft)® 

Haava  of 

(19-5  ft)® 
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Figure  10.  Hoot-Sutt.Sq.uare  Figure  11.  Root-Sum-8 quart 

Variation  for  the  Center  of  the  Variation  for  the  Center  of  the 

Fad  In  the  Pilot*  ■  Field  of  View  Upper  Edge  of  the  Hangar  in  the 

for  R^  m  JO  ft  Pilot*  ■  Field  of  View  for  8^  ■  0 


for  the  pilot's  nominal  line  of  sight  to  the  upper  oenter  of  the  hangar  face 
Is  shown  by  the  large  ellipse  in  Fig,.  11  while  the  pilot  Is  attempting  to 
keep  on  station  over  the  leak.  These  extreme  estimates  of  variability  oonflrm 
the  desirability,  from  the  standpoint  of  reducing  field-of-view  requirements, 
of  providing  visual  cues  and  visual  aids  above  the  hangar  for  assisting  the 
pilot  In  arresting  the  approach  and  providing  hovering  guidanoe. 

These  extreme  estimates  of  variability  also  emphasise  the  need  for  high 
authority,  high  bandwidth  flight  oontrol  systems  in  order  to  function  effectively 
in  this  environment  —  much  higher  than  is  typloal  of  ourrent  helicopter  practice. 
The  allowable  aircraft  motions  due  to  all  oauses  art  only  a  few  feet  —  Ref.  8 
states  "3  to  k  ft"  in  "allowable"  touchdown  error.  If  we  interpret  "allowable" 
as  2 0,  Table  2  shows  that  the  square  root  of  the  sum  of  the  x-  and  y- variances 
in  deck  motion  alone  at  the  oenter  of  the  pad  slightly  sxoseds  this  "allowable" 
touchdown  error.  Without  ohaslng  the  deck,  this  allowable  touchdown  error  thus 
represents  the  best  precision  one  might  expeot  from  a  guidanoe  and  oontrol  system 
which  regulates  so  well  that  no  errors  art  contributed  by  aerodynamic  disturbances 
or  the  pilot's  divided  attention.  Qraphio  representation  from  the  pilot's 
station-keeping  perspective  of  this  apparsnt  o-variatlon  in  the  oenter  of  the 
pad  due  to  ship  motion  alone  is  shown  by  the  smallest  central  c-ellipse  at 
30  ft  range-to-go  In  Fig.  10  and  at  zero  range-to-go  in  Fig.  11. 


With  this  assessment  of  the  variability  in  the  viewing  angles  required  of 
the  pilot  with  respect  to  his  cockpit  reference,  we  conclude  our  analyses  of 
field-of-view  requirements  in  the  extremely  Bevere  disturbance  environment  to 
be  expected  in  sea  state  5  with  43  kt  wind- over- deck.  The  predicted  field-of- 
view  requirements  with  manual  oontrol  appear  to  be  so  great  that  mere  confidence 
is  needed  in  the  validity  of  the  predicted  alrwake  disturbance  environment  on 
whioh  this  analysis  is  predicated  before  these  expectations  can  be  converted 
into  design  requirements  for  field  of  view  whioh  are,  in  turn,  based  on  high 
authority,  high  bandwidth  flight  oontrol  systems. 


lUMKMff 

The  field  of  view  (BOV)  from  the  alreraft  oookplt  required  to  see  a  point 
of  regard  on  the  reoovery  area  during  an  approach  to  hovering  over  the  area  is 
a  function  of  (a)  the  location  of  the  point  of  regard  itself  on  the  ship,  (b) 
the  airoraft  orientation,  and  (o)  the  relative  position  of  the  alroraft  with 
respeot  to  the  ship,  but  the  FOV  may  be  restricted  by  oookplt  ooolusions . 

We  have  illustrated  how  the  location  of  the  point  of  regard  on  the  ship 
and  how  the  relative  position  of  the  undisturbed  airoraft  with  respect  to  the 
ship  affeot  the  pilot’s  field  of  view  from  several  types  of  approaching  tra¬ 
jectories.  The  field-of-view  requirements  will  be  greatest  near  the  ship  in 
hovering  and  near-hovering  flight  above  the  reoovery  area. 

In  addition  to  the  undisturbed  airoraft  field-of-view  requirements,  we  have 
illustrated  how  the  effects  of  rotational  and  translational  disturbances  In  the 
controlled  aircraft  motion  combine  to  increase  further  the  hovering  and  near- 
hovering  fieldrof-view  requirements. 

Two  examples  of  perturbed  field-of-vlew  requirements  are  presented: 

(1)  from  30  ft  range- to-go  (to  the  hovering  point)  on  a  oonatant  relative 
bearing  trajectory  and  (2)  from  the  hovering  point  itself  40  ft  above  the 
oanter  of  the  landing  pad.  In  hovering  at  zero  ranga-to-go,  the  vertical  field 
of  view  required  to  observe  (plus  or  minus)  one  standard  deviation  of  the  upper 
port  oorner  of  the  hangar  would  be  -34  +  20  'cleg  over  the  nose,  assuming  maximum 
sideslip  end  horizontal  pitch  attitude The  corresponding  (plus  or  minus) 
standard  deviation  In  the  lateral  field  of  view  would  be  +  19  deg.  If  instead, 
one  were  to  assume  no  sideslip,  the  same  vertloal  field  requirement  would  apply, 
but  the  lateral  requirement  would  become  -28  +  19  deg  (negative  left  of  the  nose 
for  an  approach  from  the  starboard  quarter  of"the  ship).  In  addition,  while 
hovering  at  zero  range-to-go,  the  vertical  field  of  view  required  to  observe 
(plus  or  minus)  one  standard  deviation  of  the  most  forward  line-up  light  would 
inorease  to  -53  T~5 5  deg,  but  the  lateral  requirement  would  beoome  -22  +  22  deg, 
as  Burning  no  side's  lip.  "" 

Finally,  even  with  50  ft  of  range  still  to  go  on  the  constant  bearing 
trajeotory,  the  vertloal  field  of  view  required  to  observe  (plus  or  minus) 
one  standard  deviation  of  the  center  of  the  landing  pad  would  be  -43  +  24  Aeg, 
tut  the  lateral  requirement  would  become  -20  +  17  deg,  assuming  no  sideslip. 
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These  extreme  estimates  of  variability  confirm  the  desirability,  from  the 
standpoint  of  reducing  field-of-view  requirements,  of  providing  visual  cues  and 
visual  aids  above  the  hangar  for  assisting  the  pilot  in  arresting  the  approach 
and  providing  hovering  guidance. 


ooacuixor 

If  airwske  turbulence  should  prove  to  be  as  upsetting  in  reality  as  the 
present  model  suggests,  the  aircraft  with  its  oontrol  system  needs  to  achieve 
higher  crossover  frequencies  in  translational  degrees  of  freedom  —  higher 
than  is  typical  of  ourrent  helicopter  praotloe.  Depending  on  technique,  this  may 
also  require  higher  crossover  frequencies  in  roll  and  pitoh  axes.  This  may 
require  a  careful  tradeoff  of  the  roles  of  manual  and  automatic  oontrol  in 
order  to  keep  the  pilot's  Intermittent/divided  attention  noise  from  compromising 
precision  in  station-keeping. 


jumroxx 
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This  appendix  outlines  the  procedure  for  determining  external  visual  field- 
of-view  requirements .  Eaoh  of  the  four  major  steps  in  the  procedure  will  be 
described  briefly  and  partitioned  into  subsidiary  tasks,  for  which  there  are 
six  supporting  working  papers  to  help  the  Interested  analyst  in  carrying  out 
the  technical  details .  The  six  working  papers  are  identified  by  reference 
number.  The  interactive  procedure  for  determining  field-of-view  requirements 
presently  also  includes  two  small  HP-67/97  oomputer  programs  supplied  with  the 
corresponding  working  paper  to  aid  the  analyst.  The  six  working  papers  can  be 
obtained  at  cost  from  the  technical  librarian  of  Systems  Technology,  Inc. 

Step  I  —  Kinematic  Representation  of  Aircraft  Approaoh  Trajectories  to  a 
Landing  Pad  on  a  Moving  Ship  or  Shore-Based  Site  (Ref.  9) 

The  first  step  in  the  procedure  is  to  define  the  intended  approaoh  trajectory 
of  the  aircraft  with  respect  to  the  recovery  area  on  a  moving  ship  or  shore- 
based  site.  The  pertinent  coordinate  transformations  and  kinematic  relationships 
for  a  point-mass  aircraft  are  employed.  The  results  of  this  step  include  the 
sequence  of  nominal  operating  points  in  terms  of  range,  bearing,  and  altitude 
with  respeat  to  the  terminal  station-keeping  or  hovering  point  over  the  pad 
as  a  function  of  time.  The  speolflc  tasks  for  this  step  require  that  the 
analyst : 

a.  Specify  ship  velocity,  if  appropriate;  specify  desired 
type  of  approaoh  trajectory,  deceleration,  and  terminal 
station-keeping  or  hovering  coordinates  of  airoraft. 


b.  Define  position  coordinates  of  a  point-mass  aircraft 
relative  to  the  terminal  hovering  point  over  the  pad  as 
a  function  of  time  (HP-67/97  program  is  available  for 
constant  relative  bearing,  rectilinear,  and  constant 
sink  rate;  Tymshare  PDF- 10  program,  for  homing). 

Step  XI  —  Pilot/Vehicle  Performance 

The  seoond  step  in  the  prooedure  is  to  estimate  what  effects  pilot- 
oontrolled  vehiola  (rigid-body)  motions  about  the  vehicle  oenter  of  mass  will 
have  on  perturbations  in  following  the  sequence  of  operating  points  during  the 
aourse  of  a  typical  approach.  The  prooedure  has  been  described  in  Refs.  10 
and  11.  This  requires  the  quantification  (Ref.  12)  and  exercising  (Ref.  6) 
of  an  analytical  model  of  the  pilot-plus-vehicle  executing  the  intended  approaoh 
trajectory  under  the  Influence  of  turbulence,  ship  motion,  degraded  visibility, 
and  pilot  variability  (e.g.,  as  caused  bv  divided  attention  to  several  oontrol 
and  monitoring  tasks  during  the  approaoh) .  The  results  of  this  task  are 
quantitative  relationships  between  the  trajectory  variables,  ship  motions, 
turbulenoe,  and  piloting  noise  on  the  one  hand  and  the  variability  in  tho  angular 
and  translational  kinematics  of  the  aircraft  on  the  other.  The  results  of 
Step  11  are  desoribed  in  Ref.  6. 

Step  III  —  Visual  Element  Motion  Analysis 

The  third  step  in  the  prooedure  is  to  oonvert  the  aequenoe  of  operating 
points  along  the  approaoh  trajectories,  as  well  as  the  perturbations  about 
these  trajectories,  into  corresponding  apparent  angular  kinematics  asorlbed 
to  a  set  of  essential  visual  elements  in  tho  pilot's  external  field  of  view. 

In  this  study  the  essential  visual  elements  are  the  deck  pad  and  hangar  delinea¬ 
tion  for  a  DD963  class  of  destroyer  (Reft.  1  and  2),  which  has  a  40  ft-by- 
60  ft  recovery  area  and  a  1*0  ft  wide-by-20  ft  high  hangar  faoo.  The  results 
of  Step  III  are  presented  in  Ref.  3.  The  speolflo  tasks  for  Step  III  require 
that  the  analyst: 

a.  From  the  sequence  of  nominal  trajeotory  operating  points 
In  Step  I.  Identify  geometric  forms  (and  their  sensitivity 
funotions)  of  essential  elements  or  referents  in  the  visual 
field  whioh  provide  cues  for  outer  loop  task  variables  as 

a  function  of  meteorological  conditions  affecting  contrast 
and  visual  acuity  (Ref.  13).*  Reference  1  may  be  consulted 
for  details  of  recovery  aids  and  area  geometry. 

b.  By  means  of  the  necessary  coordinate  transformations  and 
kinematic  representations,  relate  nominal  aircraft  trajeotory 
motions  and  positions  in  Step  I  to  angular  motions  and 
positions  of  essential  referents  in  the  pilot's  forward 
visual  hemisphere  (Ref.  14  and  HP-67/97  program). 


*  Observation  thresholds  are  based  on  contrast,  visual  acuity.  Pilot  indif¬ 
ference  thresholds,  in  turn,  are  based  on  observation  thresholds  and 
tolerances  on  precision  required  for  the  task. 
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c.  By  means  of  perturbed  linearized  coordinate  transformations 
and  kinematic  representations,  relate  disturbances  in  ship 
and  aircraft  motions  and  positions  to  variability  in  the 
nominal  angular  motions  and  positions  of  essential  referents 
in  the  pilot's  forward  visual  hemisphere  (Ref.  7). 

d.  Superimpose  angular  measures  of  variability  (e.g.,  root- 
mean-  squares)  in  Step  c  on  nominal  motions  and  positions 
of  essential  referents  in  Step  b  (Ref.  7). 

a.  Partition  contributions  to  variability  from  ship  motion, 
atmospherio  turbulanoe,  and  pilot-induoed  noise  in 
Step  II  (Ref.  6). 

Step  IV  —  Field-of-Vlew  Requirements 

doniblning  in  Step  Hid  the  "nominal"  angular  motions  and  positions  of 
essential  referents  from  Step  XXXb  with  the  estimates  of  variability  in  these 
same  nominal  motions  and  positions  from  Step  IIIo  allows  the  analyst  to  define 
explicitly  the  location  of  essential  visual  cues  (for  guidanoe  and  oontrol  of 
the  aircraft)  within  the  pilot's  forward  visual  hemisphere  from  whloh  fisld- 
of-vlew  requirements  can  be  established.  Furthermore  the  souroe  of  eaoh 
contribution,  whether  nominal  or  variable  with  soma  probability,  can  be  identi¬ 
fied.  Thus,  similarly  appearing  variations  with  different  causes  oould  be 
Identified  as  potential  souroaa  of  ambiguity  in  interpretation.  The  concluding 
assessments  of  fleld-of-vlew  requirements  from  the  examples  examined  in  this 
fourth  step  are  presented  in  this  paper.  The  specific  tasks  In  Step  IV  require 
that  the  analyst: 

a.  Establish  probable  bounds  on  the  forward  hemispheric  field 
of  view  whloh  lnoludes  the  essential  ouaa  and  referents 
from  Step  Hid. 

b.  Based  on  the  apparent  geometrlo  sensitivity  functions 
(Step  Ilia),  and  the  acceptable  range  of  the  pilot's  gain 
adaptation,  estimate  the  comparative  usefulness  of  the 
available  cues  for  the  guidanoe  and  oontrol  of  the 
aircraft;  and  identify  essential  areas  within  the  probable 
bounds  on  the  field  of  view  from  Step  IVa  for  perception 
of  guidance  and  oontrol  cues. 

o.  Estimate  minimum  fleld-of-vlew  boundaries  which  include 
essential  areas. 

d.  Compare  results  with  typical  cockpit  occlusions  and  fields 
of  view  for  head-up  displays . 
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ABSTRACT 


This  paper  deals  with  two  extensions  of  event-driven  display  technology 
for  proximity  and  force-torque  censor  data:  (a)  Higher  level  automation  for 
event  data  processing  and  display,  (b)  The  operator* a  vocal  interaction  with 
the  display  controller.  Both  extensions  are  aimed  at  the  performance  enhance¬ 
ment  of  remote  manipulator  control  systems.  The  paper  describes  the  technical 
details  of  voice-commanding  the  display  by  a  discrete  word  recognition  system, 
and  elaborates  on  the  task-related  algorithms  driving  the  display.  These 
algorithms  include  the  capability  of  automatically  changing  the  format  or 
contents  of  the  display  to  provide  the  operator  with  the  moat  appropriate 
information  on  the  task  execution.  The  manipulator  system  In  which  the  new 
display  concepts  are  being  tested  Includes  both  manual  and  eupervieory  con¬ 
trol  implemented  on  a  dedicated  mini-  and  microcomputer  network.  In  computer- 
based  supervisory  control  the  displays  help  the  operator  evaluate  how  well 
the  computerised  control  is  being  performed  in  the  absence  of  specific,  new 
supervisory  inputs  and  to  intervene,  If  necessary. 


I .  INTRODUCTION 


The  general  problem  of  constructing  event-related  information  displays 
from  diverse  and  multi-dimensional  data  generated  by  proximity,  force-torque 
and  tactile  Bensors  integrated  with  the  end  effector  of  a  robotic  arm  has 
been  treated  in  a  previous  paper  (Ref.  1).  Event-driven  sensor  information 
displays  provide  a  convenient  means  by  which  the  operator's  attention  can  be 
focused  on  control  goals  or  subgoals  expressed  in  terms  of  sensor  data.  The 
implementation  of  event-driven  displays  requires  the  development  and  use  of 
real-time  algorithms  which  coordinate  and  evaluate  sensor  data  based  on  pre¬ 
defined  control  events  and  drive  an  appropriate  display  conveying  the  event 
information  to  the  operator. 


Manipulator  control  tasks  can  be  subdivided  into  subtasks  which  can  be 
references  to  sensor  data  and  defined  as  sensory  events.  Each  event  may  have 
a  variety  of  characteristic  parameters.  The  development  of  general  purpose 
‘yen  dispuy.  r«,uir..,  thus,  that  che  di.pl.y  drive  el.oclth™  ^ 
flexible  in  the  sense  that  changing  control  goals  or  subgoals  can  easily  be 
accommodated  by  simple  changes  in  the  algorithmic  parameters  to  match  the 
needs  of  a  given  control  task. 

•v#n*;"drlv#n  displays  requires  the  consideration  of 
technical  and  human  factors  Issues.  E.g.,  how  to  Integrate  different 
S!Pi  y!eint!fc‘  Coharant  irking  format?  How  much  and  what  kind  of  detailed 

h!  °?!ra*or  Bhould  b®  •xposed  to  in  addition  to  the  event  infor¬ 
mation?  How  should  the  operator  control  the  displays? 

««««-E^ant"drlv*?  diaplaya  ara  *xP*cted  to  improve  overall  control  parfor- 
IiS5I  f •  /ir,t’  thay  caiJ  ,lmPlify  on-line  control  deci- 
SoeMtorS±S  M?UC?  P,ro*Ptive/cognitive  workload  on  tha  human 

operator  in  a  real-time  control  environment.  Third,  they  can  reduce  errora 
caused  by  human  factor  effects.  r.uuce  errora 

. ®*tansions  to  event-driven  display  techniques  have  been  developed  which 
provide  more  task-relevant  information  to  the  operator,  reduce  hia  workload, 
and  give  him  better  control  of  the  displays.  More  task-relevent  information 
has  been  provided  to  the  operator  by  combining  hand  geometry  data  with  tha 
JaJa  t0  aJ0W  hi®  both  tha  sensor  pictorial  and  the  corrective  compel 
r*?0h  *  da-irad  and  otate.  The  operator's  workload  has  been 
t«don!’  Jihr0Ufv!  *?4ttn!i0n.0f  tha  conc®Pt  of  »vent  detection  and  annunciation 
£.£ Mrfawne!  dl!P]-ayi  °0nt?nt!  "•  automatically  modified  depending  on 
hll  bi«  y  of  tha  di>Plfty  ayatam  state  and  parametera 

ii!  tS  Sai  hii  ?h#  oparat?r  t0  the  display  without  hav- 

!  h±!,ll  da  fo^  di,pltty  control  or  move  his  head  to  scan  several 
f°r  diffaJ*nt  information.  These  extensions  thus  enable  talaoper- 
rafa»;ancad  manipulator  tasks  to  be  performed  more  reliably, 
more  efficiently,  and  with  a  lower  consumption  of  resources. 

nlav  th*  co”tant  and  Uia  of  the  new  algorithms  and  dis- 

leJelfEE?SiIti^  #«!X!*nd  *V!nt"drivan  di,play  technology  by  employing  higher 
.I?  LIS? ^  1°“  for/an?or  d*ta  processing.  Section  111  describes  the  pres- 
ent  status  and  use  of  voice  controlled  graphics  displays.  Concluaions  are 

MTTTT**diin  8!?ti!n  lv'  Plan®  for  future  work  are  included  in  Sections  II 
and  111.  Appendix  A  provides  a  brief  description  of  the  Advanced  Teleoperator 
Development  Laboratory  at  the  Jet  Propulsion  Laboratory  where  this  work  was 
performed . 


II.  AUTOMATION  TECHNIQUES  FOR  DISPLAY  CONTROL 


wanfPul*tor  control,  in  both  manual  and  computer  control  modes, 
requires,  in  general,  that  the  operator  knowi  what  is  to  be  done,  what  tha 
status  the  task  (man/machine/objact/environment)  is,  and  what  control  deci¬ 
sions  must  be  made  to  complete  the  task.  The  terminal/compliance  phase  of 
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manipulator  motion — when  the  mechanical  hand  is  near  to  or  in  contact  with  the 
object — is  characterized  by  a  high  density  of  diverse  and  rapidly  changing 
sensor  data  which  have  to  be  evaluated  in  real  time  for  successful  control. 
Experimental  studies  indicate  (Refs.  2  and  3)  that  25-50X  of  typical  manipu¬ 
lator  control  task  time  is  spent  in  the  terminal/compliance  phase  of  manipu¬ 
lator  motion  and  moat  errors  and  failures  occur  during  this  phase  of  motion 
control. 

The  information  that  the  operator  needs  during  the  terminal/compliance 
phase  of  manipulator  motion  control  Includes  arm  geometry ,  arm  geometry  rates, 
object  parameters,  environmental  parameters,  hand  configuration,  contact 
forces  and  torques,  contact  area  pressure  distribution  end  slip  once  the 
object  has  been  grasped,  etc.  Much  of  the  operator's  workload  can  be  elimi¬ 
nated  if  ha  does  not  have  to  be  responsible  for  sequencing  displays, 
changing  coordinate  frames,  or  making  fine  quantitative  interpreta¬ 
tions  from  TV  or  graphics  display  data.  Fortunately,  appropriate  event- 
driven  displaya  can  do  many  of  these  things  for  him  automatically. 

1.  Encounter  Regime  Displays 

Encounter  regime  display  control  problems  come  into  effect  when  the 
mechanical  hand  is  near  to  or  in  contact  with  the  object  to  be  handled  or 
avoided.  The  encounter  regime,  a  term  chosen  to  emphasize  the  information 
aspects  of  the  terminal/compliance  phase  of  the  manipulator  motion,  is  shown 
diagrammatlcally  In  Figure  1.  Here  a  manipulator  is  approaching  a  block 
resting  on  a  table,  and  the  operator  must  align  the  hand  to  the  block  prior 
to  grasping  it.  Without  the  ability  to  randomly  position  TV  camera,  as 
distinct  from  pointing  them,  the  operator  will  need  precise  Information  about 
the  relative  location  of  the  hand  to  the  table,  and  the  relative  location  and 
orientation  of  the  hand  to  the  block.  This  quantitative  data  can  be  provided 
by  hand  baaed  proximity  sensors  (Refs.  4  and  5).  The  dashed  lines  in  Figure  1 
indicate  the  lines  of  sight  of  four  finger  mounted  proximity  sensors. 

The  coordinates  associated  with  the  encounter  regime  are  shown  in  Figure  2. 
The  d.'a  are  the  path  lengths  detected  by  the  proximity  sensors.  As  seen  from 
the  wrist  of  the  manipulator  the  approach  angle  is  equivalent  to  yaw  and  tha 
hover  angle  to  roll.  By  changing  the  separation  between  tha  fingers  the  di 
and  &2  measurements  can  be  used  both  to  find  the  approach  angle  and  find  the 
sides  of  the  object  (block).  Note  that  the  singularity  (s»0)  is  not  reached 
in  the  latest  JPL  sensor  configuration  due  to  the  location  of  the  proximity 
aensors  in  the  fingers.  Figure  3A  and  3B  show  the  encounter  regime  and  the 
proximity  sensor  display  respectively  with  the  hand  misaligned.  Figures  4A 
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and  4B  show  cha  ancouncer  regime  and  the  proximity  sensor  display  with  the 
hand  aligned.  In  these  figures  the  hand  la  shown  schematically  together  with 
four  bars  indicating  the  di's  of  Figure  2.  The  bar  lengths  are  proportional 
to  the  di's.  At  the  bottom  of  the  display  the  required  corrective  control  Is 
shown.  In  Figure  3  a  large  approach  angle  (yaw)  error  is  shown.  In  Figure  4 
that  error  has  been  eliminated.  The  error  is  much  easier  to  see  from  the 
automatically  monitored  error  bar  under  the  A  than  it  is  from  comparing  the 
relative  lengths  of  the  di's  visually  or  from  examining  the  scene  In  a  TV 
view. 


2.  Event-Controlled  Displays 

Changes  In  sensor  data  can  automatically  effect  changes  in  both  display 
formats  and  display  parameters  thus  matching  the  particular  Information 
required  for  manipulation  motion  control  to  different  phases  of  the  task. 
Consider  the  task  where  the  operator  wants  to  move  a  manipulator  from  a  safe 
uncluttered  area  to  one  with  a  rich  environment ,  locate  and  pick  up  an 
object!  and  remove  it  to  an  uncluttered  area.  To  perform  this  task  the  oper¬ 
ator  will  need  general  TV  views •  detailed  proximity  information!  and  a  knowl¬ 
edge  of  the  forces  and  torques.  Contact  pressures  and  areas  may  also  be 
useful. 

Throughout  the  manipulative  cask  many  different  displays  and  display 
modes  are  required.  The  display  requirements  during  a  gross  motion  phase  of 
a  task  are  not  the  same  as  thoue  in  the  encounter  regime.  Similarly  even 
within  the  encounter  regime  the  operator  may  want  proximity  data  combined  in 
a  single  view  with  touch  or  ocher  sensor  data  merged  or  separate  from  any 
TV  camera  views  that  are  available.  The  event  controlled  .display  technology 
dsscribed  here  have  been  Implemented  using  the  first  three  data  types  descrlbad 
abovs,  shown  separately  fvom  the  TV  scene  data. 

Photographs  of  the  three  displays  employed  are  presented  In  Figures  5,  6, 
and  7.  The  proximity  sunsor  scene  displayed  corresponds  to  the  case  where  the 
hand  is  level  over,  say.  a  table  top  and  no  object  Is  In  front  of  the  fingers. 
The  force/torque  displays  show  both  the  quantitative  forces  and  torques,  in 
ounces  and  inch-ounces  respectively,  as  well  as  graphical  bar  representations 
of  the  data.  For  each  bar  sero  is  in  ths  center  of  the  screen,  positive  data 
values  generate  a  bar  to  the  right,  and  negative  values  a  bar  to  the  left. 

In  the  combined,  "dual",  display  both  proximity  and  force/torque  data  are  dis¬ 
played,  although  in  reduced  scale. 

A  transition  diagram  for  the  six  aubtaska  required  to  perform  this  sce¬ 
nario  are  given  in  Figure  8.  At  (1)  the  manipulator  is  in  the  safe  condition. 
The  proximity  only  display  is  enabled  to  focus  his  attention  on  getting  into 
the  encounter  regime  and  aligning  the  manipulator  to  the  object  without  acci¬ 
dental  collision.  When  alignment  has  occurred,  (2),  the  displays  should  show 
both  proximity  and  forces  and  torque.  Together  with  the  TV  display  this  allows 
the  object  to  be  touched  without  large  unknown  forces  and  while  maintaining 
alignment.  At  this  point,  (3),  the  operator  removes  the  biases  in  the  force/ 
torque  readings  caused  by  cables  and  gravity  and  initiates  the  grasp  process. 

As  the  object  is  grasped,  knowledge  of  the  forces  and  torques  becomes  of  para¬ 
mount  importance  and  the  force/torque  only  display  mode  is  entered,  (4).  As 
the  object  is  lifted  ita  contact  with  environment  is  reduced,  (5),  and  once 
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again  the  combined  proximity  and  force/torque  display  ia  desired.  As  the 
object  is  moved  into  a  still  less  cluttered  environment,  the  hand  biases  may 
be  restored  as  they  are  manipulator  geometry  and  gravity  vector  dependent  so 
that  the  operator  has  a  full  view  of  the  manipulator  loads.  The  manipulator 
la  then  brought  into  the  safe  region,  (6).  Note  that  if  the  object  is  to  be 
placed  in  a  new  rich  environment  steps  (2)  to  (6)  may  be  repeated  several 
times.  A  substantial  workload  ia  placed  on  the  operator  to  manage  these  dis¬ 
play  mode  transfers  particularly  when  he  nay  already  be  using  his  hands  to 
control  the  manipulator  through  supervisory  computer  control  or  through  dual 
joy  stick  control.  The  problems  are  compounded  if  the  operator  is  employ¬ 
ing  two  manipulators  to  perform  a  task. 

Automatic  event  mode  switching  can  alleviate  much  of  the  display  control 
workload.  The  conditions  for  steps  (2),  (4),  and  (5)  can  be  detected  using 
event  detection  logic  and  the  mode  switches  automated.  This  scheme  has  been 
implemented  and  ia  undergoing  testing  and  evaluation.  This  automatic  mode 
switching  is  expected  to  reduce  the  operator's  workload  whether  the  manipula¬ 
tor  is  directly  controlled  in  a  manual  mode  or  whether  it  is  controlled  in  a 
supervisory  mode. 


3.  Plans 

Automatic  display  mode  switching  ia  still  in  an  initial  phase  of  develop¬ 
ment.  Subsequent  work  is  planned,  first,  to  refine  the  definitions  of  "display 
state  transitions"  or  "display  mode  switchings."  A  fundamental  concern  is  to 
guarantee  stability  and  continuity  in  the  human  perception  of  the  overall  con¬ 
trol  task.  Second,  to  conduct  performance  tests  emphasizing  the  human  response 
to  the  automatic  display  mode  switchings  during  the  test  evaluation.  The 
plans  also  Include  the  design  and  implementation  of  new  display  formats  which 
can  simplify  the  perception  of  complex  multivariable  error  states. 


III.  VOICE  CONTROL  OP  DISPLAYS 


The  development  of  voice  controlled  displays,  displays  whose  parameters, 
format,  data  base,  event  detection  logic,  or  state  transition  matrix  can  be 
changed  by  the  operator's  voice  commands,  alleviates  a  major  bottleneck  in  the 
man-machine  interface:  the  problem  of  his  hands  bounding  the  manipulator 
man-machine  communication  channel  bandwidth,  and  enables  the  man  to  perform 
more  functions  in  a  simultaneous,  coordinated  fashion. 

Voice  controlled  displays  can  be  applied  to  either  manual  or  computer 
control  modes.  In  either  mode  they  enable  the  operator  to  focus  on  the  prin¬ 
cipal  displays  and  control  functions  and  to  monitor  task  progress  without 
Interruption.  To  change  display  modes  the  operator  is  not  required  to  remove 
his  hands  from,  say,  either  the  joint  angle  joy  sticks  or  a  computer  console. 

In  most  applications  the  commands  voiced  by  the  operator  do  not  have  to 
be  verified  as  they  would  for  voice  control  of  the  arm  itself.  This  distinc¬ 
tion  occurs  because  the  changes  to  the  displays  are  in  the  information 
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feedback,  not  in  the  task  execution  feed  forward  where  changes  can  cause  the 
task  to  be  done  Incorrectly.  To  recover  for  a  mis-voiced  display  command  the 
operator  need  only  voice  new  commands  to  cycle  back  through  the  display  tran¬ 
sition  matrix  to  the  desired  state. 


1 .  Implementation 

Figure  9  shows  the  voice  control  display  transition  matrix  implemented. 

As  before,  the  proximity,  dual,  and  force/torque  circles  shown  denote  display 
modes.  In  addition,  a  monitor  mode  has  been  added.  This  monitor  function 
globally  restores  all  the  display  parameters  and;  transition  sequences 
to  a  known  state,  include  the  disabling  of  event  modes.  The  transition 
between  states  can  be  made  by  the  operators  voicing  the  desired  destination 
state,  e.g.(  "proximity’*,  "both"  (for  dual),  "force"  (for  force/torque),  or 
"monitor".  In  the  proximity  or  force/torque  states  the  operator  may  also 
enter  commands  by  voice  or  keyboard  to  control  event  parameters  (magnitude, 
tolerance,  status  (on/off),  or  affect). 

The  syntax  diagram  is  given  in  Figure  10.  The  syntax  contains  two  pri¬ 
mary  control  words,  "camera"  and  "display"  which  constrain  the  word  list  over 
which  a  search  for  a  match  is  made.  In  this  way  a  higher  word  recognition 
reliability  can  be  maintained,  and  a  faster  match  can  be  achieved.  The  key¬ 
board  and  voice  display  commands  are  shown  in  Table  1.  A  cursory  view  of  the 
computer  network  employed  is  shown  in  Figure  11.  The  network  computers  each 
are  dedicated  to  specific  functions.  The  Interdata  microcomputer  to  arm  com¬ 
mands  and  control,  the  Nova  microcomputer  (in  an  Interstate  Electronics  dis¬ 
crete  word  recognition  system)  to  voice  message  generation,  and  the  Z-80 
microcomputer  to  real  time  displays  (Refs.  6  and  7).  Note* that  the  loop  for 
control  of  the  TV  cameras  la  included  for  completeness,  although  it  is  not 
yet  Implemented,  except  in  the  discrete  word  recognition  command  vocabulary. 

Thu.  far  the  voice  command  of  displays  has  bean  tested  to  verify  that 
the  voice  command  system  works  reliably  in  a  noisy  laboratory  environment, 
to  discover  where  changes  to  the  vocabulary  should  be  made  because  words  have 
too  similar  a  sound,  and  to  begin  to  evaluate  the  presently  implemented  dis¬ 
play  commands.  While  most  words  are  recognized  adequately  (>95%  accuracy 
with  training)  in  the  laboratory  environment,  some  words  are  confused  and 
modifications  will  have  to  be  made  to  the  command  word  list.  For  example, 
while  the  words  "force"  and  "first"  are  natural  and  task  related  they  are 
difficult  for  the  voice  oystem  to  reliably  separate.  Thus  one  or  the  other 
should  be  modified  to  a  new  natural  word.  Similarly,  while  moat  of  the  dis¬ 
play  commands,  formats  and  state  changes  are  useful,  some  additions  are  needed 
to  give  the  operator  the  ability  to  change  the  parameter  sets  in  a  more  task 
related  manner. 


2.  Plans 

The  plans  include  the  conduct  of  experiments  using  alternative  command 
vocabularies  and  the  Increase  of  the  variety  of  display  modes  which  can  be 
controlled  by  voice  commands.  There  are  two  basic  concerns:  (a)  the  voice 
recognition  reliability  and  (b)  the  naturalness  of  command  words  and  syntax. 
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TABLE  1 

KEYBOARD  AND  VOICE  DISPLAY  COMMANDS 


Word(s) 

Effeet 

Remove 

Clear  display.  Transfers  control  to  monitor 

Proximity 

Turns  on  proximity  display 

Force 

Turns  on  force/torque  display 

Both 

Turns  on  combined  display 

First 

Selects  first  set  of  event  parameters 

Second 

Selects  second  set  of  event  parameters 

Magnitude, 

nnn 

Sets  magnitude  parameter  for  event  mode* 

Tolerance, 

nnn 

Sets  tolerance  parameter  for  event  mode* 

Event 

Enables  event  mode 

Off 

Disables  event  mode 

Auto 

Enables  automated  display  transition 

Bias 

Biases  force/ torque  data.  Currant  data  shown  is  0 

Clear 

Clears  bias.  Real  force/ torque  data  shown 

X,Y,Z,V 

Enable  X,  Y,  Z  or  Vector  force  event  modes 

1,2, 3, 4 

Enable  one  of  four  proximity  event  modes 

nnn 

Decimal  quantity.  Os  units  for  fores.  0.1  Inch 
units  for  proximity 

^Different  parameter  lists  are  kept  for  forces  and  proximity. 

Parameters  can  be  entered  from  corresponding  display  mode. 

It  la  alao  planned  to  implement  the  control  of  the  TV  cameras  by  dlacreta 
words  commands. 


IV.  CONCLUSIONS 


The  higher  level  automation  of  sensor  data  display  control  and  the  voice 
control  of  displays  open  as  yet  unexplored  avenues  to  improve  the  utility  of 
displays  for  remote  manipulator  control.  Performance  tests  are  required  to 


evaluate  the  benefits  of  both  developments  In  quantitative  terms.  However, 
the  developments  and  experiments  accomplished  thus  far  suggest  their  value 
and  areas  for  futhar  development.  In  particular,  further  developments  are 
required  to  fully  integrate  event  displays  with  TV  displays  of  the  visual 
work  scene. 
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APPENDIX  A 
SYSTEM  DESCRIPTION 


The  Advanced  Teleoperator  Development  Laboratory  contalna:  two  manipula¬ 
tor  system*  (a  CURV  parallelogram  linkage  slave  system  and  an  anthropomorphic 
master/slave  system) ;  a  discrete  word  recognition  system  from  Interstate  Elec¬ 
tronics  containing  a  NOVA  2  computers  a  VOTRAX  speech  synthesis  unit;  a  dis¬ 
play  system  driven  by  a  Z-80  microprocessor  capable  of  realtime  black  and 
white  and  color  graphics  displays }  an  Intardata  Model  70  computer  for  arm 
control  in  either  supervisory  or  manual  control  modes;  and  a  multiple  input 
control  panel  capable  of  position  and  rata  Inputs  through  potentiometers  or 
joysticks.  The  laboratory  occupies  three  separate  rooms  devoted  tos  1)  the 
manipulators  and  their  hardware  and  software  development;  2)  a  control  sta¬ 
tion  and  voice  input  development;  and  3)  display  and  sensor  development! 
respectively.  The  details  of  the  laboratory  are  presented  in  5  and  6.  An 
overview  is  shown  in  Figure  11. 

The  three  principal  elements  employed  in  the  work  described  here  are  the 
discrete  word  recognition  system,  the  arm  based  sensors,  and  the  display  sys¬ 
tem.  During  tasting  and  evaluation  the  Intardata  control  computer ,  the  manipu¬ 
lators,  and  the  control  hardware  and  software  will  be  employed.  The  task  sce¬ 
narios,  the  operator  procedures,  the  supervisory  software,  and  the  control 
modea  are  Important  in  all  phases  of  this  work. 

The  VOTRAX  speech  recognition  system  is  capable  of  Btoring  patterns  for 
several  hundred  discrete  words.  Each  pattern  consists  of  240  bits  of  data 
related  to  tha  energy  content  veraus  time  for  a  number  of  frequency  bands.  To 
reduce  the  number  of  word  patterns  that  must  be  matched,  both  speeding  up  the 
match  process  as  well  as  increasing  its  accuracy,  the  number  of  permissible 
words  can  be  limited  at  any  one  time.  Presently  for  either  manipulator  or 
display  control  the  operator  is  constrained  to  know  and  follow  a  prescribed 
syntax  to  communicate  hla  massage.  For  example,  the  sequence  "display", 
"proximity"  is  valid  and  would  cause  the  proximity  display  to  appear  where 
"display",  "camera",  "proximity"  would  leave  the  VOTRAX  in  a  syntax  state 
expecting  further  camera  related  inputs  and  would  have  no  affect  on  the  dis¬ 
play  system. 

The  proximity  sensors  measure  the  intensity  of  the  light  reflected  by  an 
object  placed  in  front  of  them.  They  contain  a  matched  light-emitting  diode 
and  photodetector  pluo  associated  optics  and  optical  filters.  New  designs 
couple  the  electro-optical  components  to  the  manipulator  hand  with  fiber 
optic  bundles  simplifying  the  system  design  and  improving  its  performance. 

To  reject  ambient  light  the  emitted  light  is  amplitude  modulated  and  a  syn¬ 
chronous  detector  employed.  If  the  sensed  object's  surface  parameters  (spec¬ 
tral  and  spatial  reflectivity)  are  known  or  can  be  controlled,  accuracies  of 
0.3  cm  or  less  are  possible  for  a  sensor  with  a  range  of  15.0  cm  following 
calibration. 

The  force-torque  sensors  were  manufactured  by  Vicarm,  now  with  Unimatlon, 
and  contain  16  semiconductor  strain  gauges  mounted  on  a  cruciform  bridge. 

These  gauges  are  in  pairs  to  reduce  thermal  effects.  The  eight  resultant 
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readings  can  be  transformed  to  sensed  forces  and  torques  through  a  6x8 
calibration  matrix.  Using  the  16  most  significant  of  the  48  elements ,  an 
accuracy  of  5%  can  be  achieved.  The  useful  range  of  the  sensorB  is  0.5  to 
300  N. 

The  display  system  consists  of  a  2-80  microprocessor  based  computer  for 
software  development  and  display  driving ,  color  and  black  and  white  TV  inter¬ 
faces,  and  interfaces  to  the  anthropomorphic  and  CURV  arms.  The  lntarfaca  to 
the  CURV  arm  provides  all  of  the  feedback  signals  that  are  available  to  the 
Interdata  control  computer,  i.a.,  proximity  and  forca/torqua  data,  arm  joint 
angles,  finger  separation,  grip  force,  ate.  The  computer  proper  is  built  of 
standard  5-100  bus  components  and  has  56  k  bytes  of  memory}  dual  floppy  disks; 
and  four  aerial,  10  parallel  and  7  analog  1/0  channels, 
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•  GEOMETRY  (RANGES,  ANGLES) 

•  RATES 

•  OBJECT  PARAMETERS 

•  FINGER  SEPARATION 

Figure  l.  Encounter  Regime 
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Figure  2.  Encounter  Geometry 


A.  APPROACH  SCENARIO  B.  PROXIMITY  DISPLAY 

Figure  3.  Misaligned  Encounter 


Figure  4.  Aligned  Encounter 


Figure  5.  Proximity  Display 


Figure  6.  Combined  Display 


Figure  7.  Force  Torque  Display 
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Figure  8.  Event  Controlled  Display  for  Manipulator 
Approach,  Load  Acquisition  and  Removal 
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ABSTRACT 

This  work  Is  concerned  with  extended  quickening,  a  technique  to  facilitate 
human  control  over  higher  order  plants  with  weak  damping.  In  this  technique 
the  signals  displayed  are  the  quickened  plant  output  ana  the  quickened  refer¬ 
ence  Input.  The  quickened  output  Is  a  weighted  sum  of  the  plant  output  and 
Its  derivatives,  the  role  of  which  Is  to  stabilize  the  feedback  loop.  The 
quickened  reference  Input  Is  a  weighted  sum  of  values  of  future  reference  In¬ 
put,  which  makes  It  possible  to  achieve  high  quality  tracking.  The  technique 
Is  examined  and  evaluated  under  the  following  three  conditions:  1)  Imperfect 
measurement  of  plant  state  variables  (estimation  of  plant  output  derivatives), 
2)  presence  of  Input  noise,  and  3)  presence  of  additional  time  delay.  Experi¬ 
ments  conducted  with  a  triple  Integrator  plant  confirmed  that  the  technique  Is 
still  effective  under  these  nonideal  conditions. 


INTRODUCTION 


Feedback  controllers  for  higher  order  undamped  systems  must  Include  first 
and  higher  order  derivative  actions  to  achieve  the  closed  loop  stability.  In 
manual  control,  It  Is  extremely  difficult  for  the  human  operator  to  visually 
extract  second  and/or  higher  order  derivatives  of  the  displayed  signal.  There¬ 
fore,  most  human  operators  cannot  control  third  or  higher  order  plants  with 
little  or  no  damping  with  conventional  compensatory  or  pursulr  display  [1], 

To  overcome  this  problem,  Birmingham  and  Taylor  [2j  proposed  the  signal  quick¬ 
ening  technique  In  which  a  weighted  sum  of  the  plant  output  and  Its  derivatives 
(a  quickened  output)  Is  displayed  In  place  of  the  output  Itself.  The  tech¬ 
nique  has  been  extended  to  Incorporate  future  reference  trajectory  Information 
to  achieve  a  high  quality  tracking  [3],  In  the  extended  quickening  In  [3], 
future  trajectory  Information  Is  processed  by  a  computer  to  generate  a  quick¬ 
ened  reference  which  becomes  the  target  for  the  quickened  output  under  human 
control.  A  method  for  determining  extended  quickening  parameters  has  been 
established  based  on  discrete  optimal  control  theory,  and  effectiveness  of  the 
technique  for  a  triple  Integrator  plant  has  been  experimentally  confirmed  [3], 

This  paper  further  examines  the  extended  quickening  technique  from  a  real¬ 
istic  point  of  view.  Namely,  we  will  consider  the  following  points  which  were 
Ignored  In  the  previous  study: 

a,  Estimation  of  derivatives  of  the  plant  output  required  for 
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b.  effects  of  plant  Input  noises  Its  location  and  strength, 


by  a  second  order  digital  filter  excited  by  a  Gaussian  white  signal.  An  ap¬ 
proximate  bandwidth  of  the  reference  signal  Is  1.5  rad/sec.  Each  experimental 
run  comprised  a  100  second  performance  test  preceded  by  a  20  second  warming  up 
period.  The  subject  had  an  ample  amount  of  training  before  the  data  was  taken. 


STATE  ESTIMATOR  AND  INPUT  DISTURBANCE  IN  EXTENDED  QUICKENING 


Computation  of  the  quickened  output  requires  the  derivatives  of  the  out¬ 
put.  In  [3].  the  derivatives  were  directly  measured  on  the  analog  computer. 
However,  this  kind  of  direct  measurement  Is  usually  not  possible.  In  such 
cases,  the  missing  derivatives  must  be  estimated  from  the  plant  Input  and  out¬ 
put  data.  Beside  the  state  estimation  problem,  Input  noise  or  disturbance  Is 
unavoidable  In  most  practical  situations.  In  this  section,  the  extended  quick* 
entng  Is  Investigated  under  realistic  conditions  that  an  Input  noise  Is 
applied  to  the  plant  and  that  a  Kalman  filter  Is  used  as  a  state  estimator. 

Me  do  not  consider  the  pure  time  delay  In  this  section. 


The  whole  scheme  Is  depicted  In  Figure  2.  A  random  disturbance  Is  added 
to  the  controlling  Input  to  the  triple  integrator  plant.  It  Is  a  Gaussian 
white  signal  with  variance  W.  The  controlling  Input  of  human  operator  and  the 
plant  output  are  assumed  to  be  the  only  measurable  quantities  and  they  are  fed 
to  the  LSI-11  computer.  The  quantization  error  of  the  A/D  converter  Is  con¬ 
sidered  as  measurement  noise  with  covariance  V. 


m 


The  plant  equation  and  output  equation  are  given  by 


Xp(k+1)  ■  Xp(k)  +  m(k)  +  w(k)  (1) 

y(k)  ■  C  Xp(k)  +  v(k)  (2) 

where  A£  and  are  the  same  matrices  as  In  [3],  £  ■  [1  0  0]  and  w(k)  and  v(k) 

are  Input  and  measurement  noise  respectively.  To  simplify  the  estimator  de¬ 
sign,  It  Is  assumed  that  w(k)  and  v(k)  are  both  zero  mean,  white  Gaussian 
noise  processes  and  that  they  are  uncorrelated.  The  state  of  the  plant  Is 
then  estimated  by  the  discrete  time  Kalman  filter 

£p(k+l|k)  ■  Apip(k|k)  +  BJu(k)  (3) 

Xp(k+1 |k+l)  ■  £p(k+l|k)  +  F[y(k+1)  -  C  &{k+l|k)]  (4) 

F  -  M  CT[C  M  CT  +  V]'1  (5) 

where  &p(k+1|k)  denotes  the  best  estimate  of  Xp(k+1)  based  on  the  output  data 
4  ty(J)>j.0  •  £ 1s  the  Kalman  filter  gain  andf]  Is  the  steady  state  solution 
of  the  Rlccatl  equation, 

M(k+1)  ■  Ap  Z(k)AJT  +  W  BJT  (6) 

Z(k)  ■  M(k)  -  M(k)CT  [C  M(k)  CT  +  V]-1  C  H(k)  (7) 


The  covariance  of  the  measurement  noise,  V,  was  selected  to  be  6.0  x  10"8 

2  I1 

(volt  )  based  on  the  standard  deviation  which  was  found  from  the  A/D  conversion  I 

of  a  very  stable  voltage.  | 

,'S 

The  Kalman  filter  gain  was  calculated  using  this  value  of  V  and  the  given  ! 

covariance  of  the  Input  dlstrubance,  W.  Table  1  contains  the  Kalman  filter  i 

gains  for  various  values  of  W.  Generally  speaking,  the  larger  the  covariance  ] 

of  the  Input  disturbance,  the  higher  the  Kalman  filter  gains.  This  causes  a  i 

displayed  output  signal  to  be  too  shaky  for  W  larger  than  0.0001.  The  shaky  1 

displayed  signal  was  found  to  be  not  helpful  but  confusing  to  the  human  operator.  1 
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0.0556 

0.0333 

10“6 

0.0875 

0.1306 

0.0975 

10"4 

0.1631 

0.5518 
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0.3117 

2.2968 

8.4672 
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0.35 

2.5 
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Table  1.  Kalman  Filter  Gains 


Effect  of  Filter  Gain 

The  first  set  of  experiments  was  conducted  to  examine  the  closed  loop  be¬ 
havior  with  different  combinations  of  feedback  (or  quickening)  gains  obtained 
with  selected  values  of  the  design  parameter  w.* 

Figure  3  shows  the  effects  of  the  preview  time  upon  the  time  average  (RMS) 
tracking  error  and  RMS  controlling  Input.  The  data  In  the  figure  are  normal¬ 
ized  with  respect  to  the  RMS  tracking  error  and  controlling  Input  for  the  zero 
preview  case  under  the  Ideal  consltlon  [3];  l.e,  direct  measurement  of  output 
derivatives  and  no  Input  noise.  RMS  values  of  the  tracking  error  and  control¬ 
ling  Input  are  both  Improved  as  preview  time  Is  Increased.  The  performance  In 
term  of  RMS  tracking  error  Is  better  In  the  case  with  w  -  0.01  than  with 
w  ■  0.1.  However,  the  smaller  w  Is  more  demanding  to  the  human  In  terms  of 
controlling  effort.  Me  can  see  paradoxical  results  that  the  smaller  the  Input 
noise  covariance,  the  larger  the  RMS  tracking  error.  This  Is  due  to  the  pole 
location  of  the  Kalman  filter  (see  Figure  4).  We  used  the  steady  state  Kalman 
filter  as  a  state  estimator  and  the  gain  was  computed  solely  from  this  W  and  V. 
As  can  be  found  In  Figure  4,  the  filter  poles  are  asymptotic  to  the  origin  as 
W  Is  decreased}  namely,  the  steady  state  Kalman  filter  Is  asymptotic  to  the 
open  loop  estimator,  the  dynamics  of  which  are  Identical  to  the  llmltedly 
stable  plant  dynamics.  So  It  Is  not  desirable  to  use  a  filter  gain  computed 
with  a  too  small  W.  Therefore  It  was  decided  to  use  the  estimator  gain  which 
gives  the  estimator  poles  labeled  X  In  Figure  4  regardless  of  the  value  of  In¬ 
put  noise  covariance.  It  was  an  'ad  hoc'  approach,  but  worked  In  the  experi¬ 
ment. 


Figure  S  shows  the  effect  of  the  preview  time  upon  the  RMS  error  and  con¬ 
trolling  Input  when  the  'ad  hoc'  estimator  gain  was  used.  It  Is  Interesting 
that  the  Input  covariance  does  not  have  strong  effect  upon  the  tracking  perfor¬ 
mance. 


*  See  [3]  for  the  definition  of  w  and  determination  of  gains. 
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Fig. 3  Effect  of  Input  Disturbance 

(Date  Normalized  with  Respect  to  the  Zero  Preview  Case  under 
Perfect  State  Measurement  and  No  Input  Noise  [3]) 
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Fig, 4  Location  of  Estimator  Poles  for  Selected 
Values  of  Input  Noise  Covariances 
(Poles  In  z-plane  have  been  converted  to  these 
In  s-plane) 
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Fig. 5  Effect  of  Input  Disturbance  with  the  'ad  hoc'  Kalman  Filter 
Gain 

(Data  Normalized  with  Respect  to  the  Zero  Preview  Case  under  Perfect 
State  Measurement  and  No  Input  Noise  [3]) 

Effect  of  Noise  Location 


To  Investigate  the  effect  of  Input  noise  location,  experiments  were  con¬ 
ducted  with  Input  noise  applied  to  the  plant  as  shown  In  Figure  6.  Again,  the 
'ad  hoc'  estimator  gain  was  used  In  this  set  of  experiments.  Figure  7  shows 
the  experimental  data.  It  can  be  seen  that  the  Input  noise  applied  at  location 
2  requires  more  contorlllng  effort  of  the  human  operator  than  the  noise  at 
location  1.  This  Is  due  to  the  fact  that  the  noise  effect  on  the  plant  output 
Is  more  evident  when  the  noise  location  Is  closer  to  the  output.  Except  for 
controlling  Input,  the  performance  Improvement  by  preview  takes  place  essen¬ 
tially  In  the  same  pattern  as  before.  This  confirms  that  the  'ad  hoc'  estima¬ 
tor  works  for  supplying  the  missing  output  derivatives. 


Disturbance 
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PREVIEW  TIME  (sec)  PREVIEW  TIME  (sec) 

Fig. 7  Effect  of  Input  Disturbance  for  Different  Locations 
(Data  Normalized  with  Respect  to  the  Zero  Preview  Case  under 
Perfect  State  Measurement  and  No  Input  Noise  [3]) 


INCLUSION  OF  A  PURE  TIME  DELAY  IN  THE  PLANT 


To  study  the  extended  quickening  In  a  little  more  complicated  situation, 
a  pure  time  delay  Is  added  to  the  triple  integrator  plant.  In  this  section, 
the  output  derivatives  are  measured  directly  from  the  plant.  Also,  Input 
noise  Is  not  considered. 


Determination  of  Parameters  In  Extended  Quickening 


An  added  pure  time  delay  th  Increases  the  dimension  of  the  discrete  time 
model  of  the  plant.  The  overall  plant  model  Is  given  by  Eq  (3)  In  [3]  preceded 
by  dp-step  time  delay  where  Nd  ■  Td/At  and  At  Is  the  sampling  period.  As 

In  [3],  the  human  operator  Is  first  modelled  to  be  a  pure  time  delay  L,  which 

corresponds  to  d-step  delay  z~d  (d  ■  L/At).  Therefore,  the  open  loop  human 

plant  dynamics  are  given  by  Eq  (3)  In  [3]  preceded  by  z"^d  +  Nd),  and  the 
determination  of  the  extended  quickening  parameters  (l.e.  feedback  gains  and 
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feed  forward  gains)  can  be  done  similarly  as  In  [3].  It  should  be  noted  that 
the  dimension  of  the  matrix  Rlccatl  equation  In  the  present  case  becomes 
(3  +  dp  +  d)  x  (3  +  dp  +  d). 

The  structure  of  extended  quickening  for  the  plant  with  a  pure  time  delay, 
Is  depicted  in  Figure  8.  The  portion  of  the  structure  Inside  the  dashed  line 
can  be  viewed  as  human  operator.  The  reason  for  this  Is  the  same  as  In  [3]. 


rqu1ckened  Human  p1ant 


Fig. 8  Structure  of  Extended  Quickening  Based  on  Optimal  Control 


For  selected  values  of  and  w  ■  0.1,  the  steady  state  solution  of  the 
Rlccatl  equation  was  computed  and  the  feedback  gains,  g  ^'s  (1  ■  1.2,3), 

gd1's  (1  ■  l,2,...,Nd)  and  g^'s  (j  ■  1,2,..., 6)  were  computed.  Results  are 

summarized  In  Figure  9.  From  the  figure,  we  find  that  gp1,  gh1's  are  not 

affected  by  a  pure  time  delay  as  compared  to  the  no  delay  case  [3]  and  that  the 
feedback  gains  for  output  derivatives  become  larger  as  Is  Increased.  This 
Is  because  a  larger  time  delay  requires  a  stronger  damping  for  the  closed  loop 
stability. 


Effect  of  Time  Dela.y 


An  experiment  was  conducted  to  examine  the  effect  of  different  sets  of 
feedback  gains  obtained  by  varying  the  length  of  the  time  delay,  and  to  verify 
the  performance  Improvement  that  can  be  achieved  by  extended  quickening.  In 
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the  experiment,  the  time  delay  was  Implemented  by  computer  software:  l.e. 
equations  for  Nd  stage  delay  chain  were  Included  In  tne  computer  program. 

Theoretically,  all  the  stored  data  In  the  shift  register  must  be  fed  back  as 
well  as  plant  output  and  Its  derivatives.  From  Figure  9,  however,  feedback 
gains  for  the  delay  chain  are  orders  of  magnitudes  smaller  than  other  feedback 
gains,  gp^,  gp2  and  gpj.  Hence  the  first  set  of  experiments  was  conducted 

Ignoring  the  feedback  from  the  delay  chain.  Figure  10  Indicates  that  the  RMS 
tracking  error  and  controlling  Input  become  larger  as  th  Increases.  It  can 
also  be  found  that  the  larger  the  time  delay,  the  more  the  controlling  effort. 
For  ■  0.6  sec,  It  Is  very  difficult  to  control  the  plant.  However,  the 
performance  Improvement  by  preview  Is  as  expected. 
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Fig. 10  Effect  of  Time  Delay  —  No  Feedback  from  Delay  Chain 
(Data  Normalized  with  Respect  to  the  Zero  Preview  Case  under 
Perfect  State  Measurement  and  Zero  Delay  Time) 


In  the  final  set  of  experiments,  the  feedback  of  state  In  the  delay  chain 
was  Included.  Since  It  was  not  practical  to  feedback  every  state  In  the  delay 
chain,  we  treated  8  delay  elements  as  a  group  and  used  one  feedback  gain  for 
each  group.  Namely,  the  quickened  output  Is 

3  Nd/8 

sp(k)  -  E  at  (k)  +  E  ai  xd[8(5-l)  +  1]  (8) 

v-1  1  pi  5*1  0  a 


where  *1  ■  1 ,  a2  -  gp2/gp1  ,  a3  *  gp3/gpl  , 

ad  ’  *d8(C-1)+l  *  ad8(C-l)+2  +  •••  +  *d85  • 


ad1  "  flai^pl  and  *d^)  1s  the  1-th  state  In  the  delay  chain  as  de¬ 
fined  In  Figure  8. 


Fig. 11  Effect  of  Time  Delay  --  with  Feedback  from  Delay  Chain 
(Data  Normalized  with  Respect  to  the  Zero  Preview  Case  under 
Perfect  State  Measurement  and  Zero  Delay  Time) 
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Figure  11  shows  the  RMS  data  obtained  by  experiment.  It  can  be  seen  that 
the  performance  Improvement  Is  again  the  same  pattern  as  before.  Notice  that 
the  RMS  controlling  Input  Is  much  smaller  relative  to  the  case  that  the  feed¬ 
back  loop  from  the  delay  chain  was  Ignored.  From  these  results,  It  was  con¬ 
cluded  that  the  extended  quickening  technique  Is  effective  even  In  the  pre¬ 
sence  of  a  pure  time  delay  In  the  plant. 


CONCLUSION 


The  extended  signal  quickening  was  Investigated  from  a  practical  viewpoint 
which  Included: 

1.  Estimation  of  derivatives  of  the  plant  output  required  for 
constructing  the  quickened  output, 

2.  effects  of  plant  Input  noise:  Its  location  and  strength, 

3.  effects  of  a  pure  time  delay  In  the  plant. 

The  extended  quickening  technique  was  found  to  be  effective  under  the  In¬ 
fluence  of  Input  noise  and  imperfect  state  measurement.  The  Kalman  filter 
with  an  'ad  hoc'  gain  was  a  good  estimator  for  supplying  and  missing  state 
variables  under  a  variety  of  conditions:  different  noise  strength  and  loca¬ 
tions. 

The  technique  was  also  proved  to  be  effective  for  the  plant  with  a  pure 
time  delay.  As  predicted  by  the  theory,  the  experiments  'Indicated  that  feed¬ 
back  from  the  delay  chain  should  be  Included  for  achieving  a  good  performance. 
The  work  reported  In  this  paper  Is  being  continued  to  validate  several  assum¬ 
ptions  used  In  the  study.  One  Interesting  question  Is  whether  a  first  order 
lag  with  a  pure  time  delay  (Eq  (15)  In  [3j)  Is  a  good  model  of  the  human 
operator  In  the  extended  quickening. 
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ABSTRACT 


:  Results  of  a  theoretical  study  and  an  accompanying  experiment  are 
presented  concerning  the  visual  scene  perception  process  and  its  impact  on 
airoraft  approach  performance. 

'  A  variety  6f  visual  scene  oharaateristios  was  represented  by  the 
configurations  involved.  Their  effect  on  approaoh  performance  and  human 
information  processing  (primarily  in  terms  of  observation  noise  speotra  and 
perceptual  thresholds;  was  investigated  utilising  a  model  of  the  visual  scene 
perception  process.  The  model  is  based  on  linear  perspective  geometrical  cues 
and  on  relative  (visual)  motion  cues  and  is  combined  with  the  optimal  control 
model . 

In  addition»  results  are  presented  of  an  automated  model  matching 
procedure.  Via  a  first-order  gradient  method  a  matching  criterion  (involving 
variances  and  frequency  domain  data)  was  minimized  yielding  a  unique  set  of 
observation  noise  model  parameter  values.  These  values  led  to  the  perceptual 
thresholds  associated  with  the  visual  cues  involved. 


INTRODUCTION 


This  study  deals  with  the  visual  scene  perception  process  and  its 
impact  on  the  visual  approach  performance.  ThiB  prooess  is  described 
(modelled)  on  the  basis  of  the  linear  perspective  geometry  and  cues  related 
to  the  relative  position  and  movement  of  the  observer  with  respect  to  the 
outside  world. 

After  linearization  of  the  mathematical  relationships  between  the  visual 
cues  and  the  aircraft  state  variables  the  model  can  be  integrated  in  the 
existing  framework  describing  pilot-aircraft  behavior  (optimal  control  model). 

A  variety  of  visual  scene  characteristics  have  been  represented  by  the 
configurations  involved  in  this  Btudy  to  validate  the  visual  scene  perception 
model . 

Specifically  this  paper  describes  a  model  matching  procedure  to  derive 
from  the  experimental  data  the  "best"  estimate  of  the  observation  noise 
parameters  of  the  model.  These  key  model  parameters  are  obtained  by 
minimizing  a  matching  criterion  involving  variances,  pilot  describing 


function  data  and  observation  noise  spectral  density  data  via  a  first-order 
gradient  method •  Finally,  these  values  will  lead  to  the  perceptual  threshold 
values  associated  with  the  visual  cues  involved. 

In  addition,  the  experimental  and  model  results  will  be  discussed  and 
related  to  the  visual  scene  characteristics  incorporated  in  the  various 
configurations . 


VISUAL  SCENE  PERCEPTION 


The  analysis  of  the  visual  soene  perception  prooess  is  extensively 
described  in  references  1  and  2.  A  summary  of  this  analysis  will  be  presented 
in  this  chapter  yielding  the  background  information  for  the  following 
chapters . 

Based  on  a  concise  inventory  of  the  most  important  characteristics 
(cues)  of  the  visual  scene  the  visual  scene  perception  prooess  has  been 
described  (modelled)  on  the  basis  of  the  linear  perspective  geometry  and  cues 
related  to  the  relative  movement  of  the  observer  with  respect  to  the  outside 
world.  This  amounts  to  mathematical  relationships  between  these  visual  cues 
and  the  airoraft  state  variables.  After  linearization  this  model  could  be 
integrated  In  the  existing  framework  describing  pilot-aircraft  behavior  (the 
optimal  control  modal). 

Ten  configurations  were  selected  representing  various  outside  viewing 
conditions  and  control  modes  (vertioal  lateral  and  two-axis  control).  The 
configurations  are  summarized  in  table  1. 

Model  predictions  were  based  on  the  assumptions  oonosrning  perceptual 
thresholds  of  the  various  cuts  derived  from  the  visual  approach  scans  (shown 
in  figure  1 ) ,  noise  levels  associated  with  observing  these  aues  and  the 
interference  among  them.  Values  for  these  parameters  were  derived  from 
baseline  experimental  data  supplemented  by  the  psychophysical  literature. 

Based  on  these  values  a  theoretical  analysis  was  performed  resulting  in  model 
predictions  of  system  scores  and  frequency  domain  measures  (pilot  describing 
functions  and  observation  noise  spectra) . 

In  addition,  an  experimental  program  was  conducted  to  validate  the 
visual  scene  perception  model.  The  results  of  this  experiment,  involving  the 
above-mentioned  configurations,  were  compared  with  the  model  predictions 
providing  a  teat  of  the  hypotheses  underlying  the  model  (or:  allowing  a 
verification  of  the  values  assumed  for  the  model  parsmeters). 

The  experimental  results  in  terms  of  mean-squared  system  variables  agreed 
relatively  well  with  the  model  predictions11  (see  refs.  1  and  2)  showing  the 
predictive  capability  of  the  model.  However,  a  more  detailed  comparison  of 
the  frequency  domain  measures  exhibited  relatively  large  differences 
primarily  in  the  observation  noise  spectra.  For  this  reason  an  automated  model 

|| 

Once  the  assumption  waB  made  that  there  is  no  attentional  interference 
between  the  vertical  and  the  lateral  task  (see  chapter  3). 


602 


matching  procedure  was  followed  yielding  the  "best"  estimate  of  the  observa¬ 
tion  noise  parameters  of  the  model,  given  the  experimental  data.  This  is 
discussed  in  the  next  chapter. 


MODEL  PARAMETER  ESTIMATION  PROCEDURE 


In  order  to  obtain  a  better  agreement  between  the  experimental  and  model 
results  in  terms  of  the  frequency  domain  measures,  the  model  observation  noise 
aovariancss  vere  optimised  (yielding  *  minimal  matching  criterion).  Only  this 
model  parameter  was  considered  as  a  (dependent)  variable,  This  was  based  on  a 
sensitivity  analysis  and  previous  modeling  experience  showing  that  the 
observation  npiee  covariances  are  the  key  model  variables  especially  in  this 
speoific  study  of  the  visual  perception  process. 

The  remaining  model  parameters  which  were  kept  constant  throughout  the 
analysis  .Veret  a  perceptual  time  delay  of  0.2  sec,  a  negligibly  small  motor 
noise  ratio  and  a  neuromotor  time  constant  of  0.2?  sec  (corresponding  to 
outer  loop  oontrol). 


Parameter  estimation  procedure 


The  matching  criterion  involved  a  weighed  sum  of  (M)  mean-Bquared  (MS) 
system  variables,  of  the  pilot  describing  funotion  gains  (0)  and  phase  angles 
(P)  of  the  (N)  frequency  points,  and  of  the  observation  noise  spectral 
density  values  (0)  of  the  (N)  frequency  points! 
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where  a.  represents  a  weighting  factor;  the  subscript  m  refers  to  the  model 
quantity  related  to  the  mean  ((7))  and  standard  deviation  (CT(  t ) )  of  the 
corresponding  measured  quantity.  So  the  matching  criterion  involved  a  weighed 
average  discrepancy  in  mean-Bquared  system  variables,  the  describing  function 
gains  (in  dB)  and  phase  angles  (in  dog)  and  observation  noise  spectral 
densities.  Each  quantity  was  weighed  by  the  standard  deviation  of  the 
measurements  thereby  taking  into  account  the  reliability  of  the  measurements 
and  providing  the  necessary  normalization  yielding  non-dimensional  units. 

The  weightings  (given  in  table  2)  were  selected  on  the  basis  of  a 
preliminary  sensitivity  analysis  and  of  subjective  judgement;  most  weight 
is  placed  upon  the  system  outputs  (approach  angle  c  and  oenterline  inclina¬ 
tion  angle  «„) ,  half  of  that  weight  upon  the  aircraft  attitude  angles  (pitch 
0  and  roll  tp)  and  one  fourth  of  that  weight  upon  the  control  inputs  (elevator 
6e  and  ailerons  6t).  The  total  weight  of  about  one  preserves  the  distinct 
meaning  of  the  resulting  L^gi  the  matching  error  in  the  mean-squared  values 
in  units  of  weighed  averaged  number  of  standard  deviations.  The  describing 
function  error  and  the  observation  noise  error  are  weighed  equally.  Also 
the  total  error  in  the  mean-squared  scores  and  the  total  error  in  the 
frequency  domain  measures  is  weighed  equally. 

Now,  this  matching  criterion  was  minimized  via  a  first-order  gradient 
method  (Refs.  3  and  4).  The  gradient  algorithm  involved  an  adaptive  scheme 
for  the  observation  noise  covariance  steps  (AVy requiring  typiaally  k  to 

8  iterations  to  drive  within  1  percent  of  its  minimum  value.  The  result 
was  the  optimal  model  parameters  Vy^. 

Once  Vy^  has  been  found  it  can  be  related  to  the  corresponding 
perceptual  threshold  according  to  (e.g.  ref. 5) 


v  .  - -* -  (3) 

*l 

where  F„  is  the  (relatively  constant)  "noise-signal"  ratio, av.  is  the  signal 
o  O'  i 

variance,  fj  is  the  fraction  of  attention  dedicated  to  variable  yj  and  K.  is 

the  describing  function  gain  associated  with  a  threshold  (a^).  Assuming  an 

optimal  allocation  of  attention  among  the  visual  cues  (yielding  the  minimal 

cost  functional  J  (Ref. 4))  f.  can  be  computed  once  VVl  is  known  (Refs.  1,  b 

1  J1! 

and  6).  Then,  for  an  assumed  level  of  attention  P0  and  given  (measured)  aignal 
variance,  the  describing  function  gain  follows  from  eq(3).  From  K.  the 
threshold  a{  can  be  computed  numerically  involving  the  inverted  error 
function  computation. 


Model  matching  results 


The  model  matching  results  are  summarized  in  table  3  for  the  vertical 
control  tasks  and  in  table  b  for  the  lateral  control  tasks. 


604 


For  the  verti'jv.I  f;a3ks  the  acoreB  are  accurately  matched  (on  the  average 
within  0.1  standard  deviation).  The  frequency  domain  match  is,  on  the  average, 
0.6  standard  deviation  { +  Lon),  which  is  primarily  due  to  the  describing 
function  discrepancy.  However,  also  considering  the  reliability  of  the  data 
(Ref. 1 ) ,  the  agreement  between  experimental  and  model  results  is  relatively 
good  (as  will  be  visualised  in  '.he  frequency  domain  plots  given  in  the  next 
chapter) . 

The  resulting  threshold  values  are  also  given  in  table  3.  The  values  are 
obtained  on  the  basis  of  three  assumptions: 

.  all  vertical  and  lateral  tasks  arc  performed  with  &  constant  level 

of  attention  P  *  -21  dB 
o 

.  There  is  full  interference  between  the  various  visual  cues  involved 
within  one  task;  however,  due  to  the  favourable  viewing  character¬ 
istics  of  the  visual  scene  there  is  no  interference  between  the 
vertioal  and  lateral  task  (Ref.1) 

.  attention  which  has  to  be  divided  among  the  various  visual  cues  is 
optimally  allocated. 

From  the  threshold  values  corresponding  with  a  specific  viewing  condition 
an  average  estimate  is  derived  (a,  d  and  ©  ■  0  -  a).  With  the  resulting 
perceptual  thresholds  values  the  matohing  criterion  was  computed  again 
(table  3b).  Only  the  system  saores  are  now  somewhat  less  well  matched. 

The  frequency  domain  matoh  is  unaffected.  These  model  results  will  be 
compared  with  the  experimental  measures  in  the  next  ohapter,  containing  also 
a  discussion  of  the  visual  approaoh  sctne  results. 

For  the  lateral  and  roll  (conf.7)  control  tasks  the  mean-squared  scores 
are  matched,  on  the  average,  within  0.2  standard  deviation.  The  frequenoy 
domain  match  is,  on  the  average,  1.0  standard  deviation.  The  same  procedure 
has  been  followed  as  for  the  vertical  tasks  to  arrive  at  the  ultimate  percep¬ 
tual  threshold  estimates.  With  these  threshold  values  the  final  matohing 
results  were  obtained  (table  kb).  Again,  only  the  match  of  the  mean-squared 
scores  is  affected  and  deteriorated  to  0.65  standard  deviation.  Of  course,  a 
still  better  match  could  be  obtained  when  abandoning  the  model  parsimonious 
approach  to  matoh  the  data  of  all  configurations  by  varying  only  the  thresholds 
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EXPERIMENTAL  AND  MODEL  RESULTS 


Comparison  of  experimental  and  model  results 


The  mean-squared  system  variables  of  all  configurations  are  summarized 
in  table  5.  A  comparison  between  the  experimental  and  theoretical  scores  is 
facilitated  by  figure  2  showing  also  the  variability  of  the  data. 
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On  the  average,  the  scores  differ  by  about  10  %  which  value  can  be 
considered  to  be  quite  small.  Also  in  terms  of  the  variability  of  the  data 

(Fig. 2)  this  difference  (on  the  average  0.3  standard  deviation  for  the 
vertical  tasks  and,  on  the  average,  0.6  standard  deviation  for  the  lateral 
tasks)  is  considered  to  be  statistically  insignificant. 

Measured  and  model  pilot  describing  functions  and  abservation  noise 
spectra  are  compared  in  figures  3-6  for  configurations  1,  2,  It  and  5.  The 
frequency  domain  measures  of  the  remaining  vertical  and  lateral  configurations 
were  almost  identical  to  confs.  2  and  5*  respectively,  and  are  not  given.  This 
result  will  be  discussed  in  the  next  section. 

In  general,  the  agreement  between  the  experimental  frequency  domain 
measures  and  the  measures  obtained  from  the  model  is  quite  good  in  the  mid¬ 
frequency  region  (where  "most  of  the  action"  is).  This  may  be  expected  when 
all  the  mean-squared  soores  are  closely  matohed.  On  the  average,  the 
difference  in  the  frequency  domain  data  of  all  configurations  is  within  one 
standard  deviation. 


Discussion  of  the  visual  approach  soene  results 


In  this  section  the  experimental  and  model  results  will  be  considered 
and  related  to  the  visual  scene  characteristics  incorporated  in  the  various 
configurations. 

The  effect  of  the  runway  visual  range  on  the  vertical  control  performance 
can  be  appreciated  by  comparing  the  results  of  oonf.  1  (only  the  inclination 
of  the  runway  sides)  and  2  (providing  the  runway  depression  angle).  Figure 
7a  shows  that  a  significantly1*  superior  approach  performance  (in  terms  of 
the  approaoh  angle  a)  is  obtained  when  the  runway  depression  angle  is  visible. 
This  is  accompanied  by  a  substantially  smaller  pitah  angle  and  control 
activity.  The  improved  approach  performance  is  also  reflected  by  the  higher 
pilot  describing  function  gain  shown  in  figure  8.  Especially  the  observation 
noise  speotra  which  are  also  given  in  this  figure  provide  additional  insight 
in  the  effect  of  the  visual  cues  involved.  The  effect  of  the  runway  depres¬ 
sion  angle  is  the  most  apparent  in  the  relatively  high  frequency  region, 
i.e.  related  to  the  approach  angle  rate  (&)  Information.  This  is  also  reflec¬ 
ted  by  the  perceptual  threshold  values  resulting  from  the  model  matching 
procedure  given  in  table  6.  The  value  of  0.23  deg/sec  for  conf.1  is 
considerably  larger  than  the  value  of  0.1  deg/see  for  conf.2. 

However,  this  value  is  based  on  the  hypothesis  that  the  pilot's  attention 
is  optimally  divided  among  the  visual  cues.  Postulating  for  conf.1  the  some 
threshold  value  for  the  approach  angle  rate  information  as  found  for  the 
other  vertical  task  configurations,  the  model  analysis  indicates  that  the 
subjects  concentrated  too  much  on  the  runway  sides  at  the  expense  of  the 
useful  approach  angle  rate  information  provided  by  the  runway  threshold 
line . 

u 

significance  of  differences  was  tested  by  means  of  a  two-tailed  t-test. 
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Finally,  both  observation  noise  spectra  display  an  increase  in 
observation  noise  for  lower  frequencies*  which  refers  to  the  very  poor  approach 
angle  information  contained  in  both  display  configurations.  This  concrete 
result  is  in  agreement  with  the  results  of  previous  studies  (Refs,  7  and  8). 

The  effect  of  aircraft  reference  (i.e.  pitch)  information  on  approach 
performance  is  derived  from  confs.  2  and  3  (the  latter  displaying  an  aircraft 
reference  line).  Fig.  7a  shoWB  that  thero  is  no  difference  in  approaoh  angle 
(a)  performance  which  ie  "explained"  by  the  model:  the  aircraft  reference 
does  not  provide  extra  information,  i.e.,  pitch  information  amounts  to 
approach  angle  information  of  the  same  quality  (in  terms  of  thresholds)  as 
already  available  from  the  runway  cues.  The  only  effect  is  a  small,  but 
statistically  significant  reduction  in  pitch  angle  and  control  activity 
(smoother  control).  No  significant  frequency  domain  differences  were  found 
between  these  configurations  and  are  therefore  not  shown  here. 

The  effect  of  the  runway  centerline  on  the  lateral  approach  performance 
can  be  appreciated  by  comparing  the  results  of  conf.lt  (only  the  centerline) 
and  5  (only  the  runwsy  contour).  Fig. 7b  shows  that  a  significantly  superior 
lateral  approach  performance  (in  terms  of  the  inclination  angle  of  the 
runway  oenterline  <uc)  is  obtained  when  the  centerline  is  explicitly  viaible. 

The  explanation  for  this  can  be  related  to  one  tingle  model  parameter:  the 
perceptual  threshold  of  the  oenterline  inclination  angle  which  is  substan¬ 
tially  smaller  when  this  oenterline  is  sxplicitly  displayed  (table  6).  The 
observation  noise  speotra  given  in  figure  9  confirm  this  result.  For  conf.5 
larger  observation  noise  in  the  low-frequenoy  region  (associated  with 
position  information)  is  obtained. 

The  aircraft  reference  providing  roll  information  (oonf.  6)  yields  a 
significant  improvement  in  lateral  performance.  This  is  shown  in  Fig.  7b  and 
explained  by  the  model  analysis:  the  quality  of  the  roll  information  is  such 
that  additional  useful  inner  loop  information  ie  provided.  This  is  also 
refleoted  by  ths  significantly  rsduoed  mean-squared  roll  angle  and  control 
aotivity.  The  frequency  domain  measures  are  not  given.  Only  the  pilot 
describing  function  is  affectsd  by  the  additional  aircraft  reference  corres¬ 
ponding  with  ths  improved  performance an  increase  in  gain  and  phase  lead. 

Confs.  8,  9  and  10  were  included  in  the  analysis  to  investigate  the 
interference  between  tasks  utilizing  the  vIbu&I  scene  (i.e.,  pictorial) 
information.  Conf.10  was  included  to  investigate  the  effect  of  additional 
ground  texture  (tabel  1).  The  matching  results  (Ref.  1  and  tables  3  and  4) 
support  the  hypothesis  that  there  is  no  performance  interference  between 
the  vertical  and  lateral  visual  approach  task.  The  experimental  and  theo¬ 
retical  scores  sre  shown  in  figure  2.  Also  the  frequency  domain  measures 
are  not  different  from  the  corresponding  single-axis  tasks  and  are  not  given 
here  (aee  ref.1). 


M  In  contrast  with  the  typical  flat  spectrum  in  the  lower  frequency  region 
for  more  ideal  display  situations. 


Finally  the  perceptual  thresholds  resulting  from  the  model  matching 
procedure  are  considered.  The  threshold  values  are  summarized  in  table  6 
containing  also  the  initial  threshold  estimates  used  for  the  model  predic¬ 
tions.  Several  position  threshold  values  are  surprisingly  close  to  the  initial 
estimates.  Furthermore,  the  thresholds  associated  with  the  direct  perception 
of  movement  are  clearly  not  numerically  equal  to  the  corresponding  position 
thresholds  as  wsb  initially  supposed  (Ref.l).  Of  course,  the  ultimate 
thresholds  values  are  based  on  the  hypothesis  that  the  pilot's  attention 
is  optimally  divided  among  the  visual  cues. 

It  is  expected  that  the  perceptual  threshold  values  obtained  in  this  study 
provide  a  useful  guideline  for  modelling  the  perception  process  of  new 
visual  scene  situations. 


CONCLUDING  REMARKS 


A  model  of  the  visual  scene  perception  process  on  the  basis  of  linear 
perspective  geometry  and  the  relative  (visual)  motion  cues  was  combined  with 
the  optimal  control  model.  The  model  was  used  to  prediot  and  analyse  the 
results  of  an  experiment  involving  a  variety  of  visual  approach  tasks. 

Although  the  experimental  results  in  terms  of  mean-squared  performance 
scores  agreed  relatively  well  with  the  model  predictions,  a  more  detailed 
comparison  of  the  frequency  domain  measures  exhibited  large  differences 
primarily  in  the  observation  noise  spectra.  Therefore,  an  automated  model 
matahing  procedure  was  followed. 

Herewith,  a  matahing  criterion  was  minimized  involving  a  weighed  average 
disorepanoy  in  mean-squared  scores,  pilot  describing  function  data  and 
observation  noise  spsotral  density  data.  Only  the  observation  noise 
covariances  were  considered  as  dependent  model  parameters  and  optimized  via 
a  first-order  gradient  method. 

By  means  of  the  efficient  gradient  algorithm  the  observation  noise  covariances 
could  uniquely  be  identified,  Under  given  assumptions,  these  covarianoes  led 
to  peraeptual  thresholds  associated  with  the  visual  cues.  It  is  expected 
that  these  perceptual  thresholds  provide  a  useful  guideline  for  modelling 
the  perception  process  of  new  visual  scene  situations. 

i 

The  analysis  showed  that  the  visual  scene  perception  model  offers  a 
general  framework  to  deal  quantitatively  with  the  effect  of  (e.g.)  visibility 
conditions,  runway  characteristics  and  aircraft  reference  information.  In 
addition,  the  model  vill  be  useful  to  investigate  the  interaction  of  these 
characteristics  with  other  display  information, aircraft  characteristics, 
disturbance  environment,  etc. 
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Table  1  Viewing  conditions  and  selected  configurations 
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Table  2  Weightings  In  the  matching  criterion 
weighting  value  total 
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ABSTRACT 

It  is  proposed  that  graphioal  computer  displays  oan  aid 
human  operators  of  complex  systems.  Further  it  is  proposed  that 
as  systems  baooma  complex,  the  use  of  color  oan  help.  .  ..In  this 
Informal  paper  the  results  of  the  first  two  experiments  in  this 
area  are  presented.  Htre  abstract  schematic  networks  are  used 
to  study  responses  about  the  relationships  of  nodes.  Two  sizes 
of  networks  and  various  colorings  are  used.  In  the  first 
experiment  U  is  asked  whether  a  relationship  between  two  nodes 
exists.  In  the  seoond  expsrimsnt  it  is  asked  whioh  of  another 
set  of  nodes  holds  a  functional  relationship  to  the  others. 


INTRODUCTION 

The  researoh  reported  in  this  informal  paper  is  aimed 
towards  an  eventual  representation  of  prooedural,  Information  on 
graphioal  computer  displays.  We  started  by  looking  at  emergency 
and  abnormal  procedure  desoriptions  for  the  DC-10  aircraft  sinoe 
we  had  a  oomplete  set  of  on-board  manuals  available.  What  is 
striking  is  a  potential  problem  in  the  desired  rapid  and 
effioient  use  of  this  type  of  manual.  The  systems  (fuel, 
hydraulio,  eleotriosl,  etc.)  are  depicted  schematically  In  3  or 
4  oolor  fold-out  charts,  while  the  procedures  to  be  followed 
ooncernlng  these  systems  are  outlined  in  often  pages-long  verbal 
desoriptions  of  essentially  algorithmic  procedures.  Aircraft 
are  not  the  only  area  where  this  duality  ooours.  Process 
control  plants  and  nuclear  power  plants  are  other  examples  whsra 
operations  and  procedures  about  spatially  oriented  systems  of 
objects  era  described  in  written  form. 


•This  work  was  supported  by  the  National  Aeronautics  and  Space 
Administration  under  NASA-Ames  Grant  N3G-2119. 


W*  see  two  problems  with  this  teohnlque  of  describing  such 
procedures  purely  textually,  or  as  In  the  example  above, 
textually  with  the  schematic  In  a  separate  section  of  the  manual 
or,  In  fact,  In  another  manual.  First,  once  the  problem  is 
detected  two  transformations  are  needed  to  complete  the  required 
task.  The  operator  makes  an  observation  about  the  physical 
spatially-oriented  system  (In  any  of  many  ways),  transforms  his 
observation  Into  the  appropriate  reference  In  the  textual 
manual,  and  then  transforms  once  again  to  parform  the 
spatially-oriented  action  required  by  the  physical  system. 
Second,  a  text  description  does  not  give  the  feeling  for  a 
spatial  procedure  that  a  well-oonstruoted  graphioal  display 
might.  It  is  clear  that  the  verbal  text  can  offer  greater 
precision  in  fine  description  though  at  the  expense  of  large 
amounts  of  time  to  read  and  absorb  minutiae.  Me  feel  that  it 
may  prove  fruitful  to  investigate  the  performance  in  terms  of 
speed  and  accuracy  which  can  b*  obtained  with  graphioal 
representations  of  systems.  Additionally,  as  these  systems 
become  oomplex,  we  feel  that  the  relationships  among  components 
can  become  difficult  to  perceive  and  that  the  use  of  color  oan 
halp  understanding . 

The  display  used  in  these  experiments  is  an  abstraction  of 
various  systems  --  a  square  grid  of  9  or  25  interconnected  nodes 
^subsystems)  with  inputs  to  the  left  and  outputs  to  the  right. 
Thus,  by  outputs  from  some  nodes  becoming  inputs  00  others  a 
system  can  be  represented  which  is  not  unlike  the  diagrams  seen 
in  the  aircraft  manuals  mentioned  ab^ve.  See  Figure  1  for  an 
example  of  the  sort  of  display  we  used,  reproduced  here  without 
colors . 

In  the  first  sat  of  experiments  the  task  subjects  performed 
was  to  answer  whether  or  not  the  node  labelled  'A'  affeotad  the 
node  labelled  'S'.  The  'A'  node  was  always  plaoed  in  the 
leftmost  column,  column  1,  wnile  the  ' B '  node  was  always  in 
column  5.  None  of  the  other  nodes  were  labelled,  and  no  other 
Information  besides  the  schematic  and  the  two  letters  appeared 
on  the  display.  Four  different  ooloring  sohemes  ware  used  with 
the  two  sizes  of  networks  mentioned  above.  The  second  set  of 
experiments  asked  subjects  to  determine  which  of  two 
intermediate  nodes  (valves  or  switches)  would  disconnect  'A' 
from  'S'. 


EXPERIMENT  1 

Two  factors  were  investigated  --  size  (and  therefore 
complexity)  of  the  network  and  color  coding  scheme.  Networks 
wer*  always  displayed  against  a  black  background.  The  first  of 
the  four  color  coding  sohemes  was  monoohrome  white  to  mimic  the 
standard  black  and  white,  or  green  and  white  graphic  cathode-ray 
tubs  display.  Ths  second  color  coding  was  a  two  color  scheme  of 
whits  and  red  where  ill  of  the  display  was  white  except  for 
those  output  lines  which  were  'feedback'  paths.  Feedforward  was 
defined  as  paths  progressing  left  to  right  and  up  to  down  aoross 
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the  network.  An  earlier  set  of  experiments  by  Rouse  showed  that 
subjects  had  difficulty  with  the  feedback  paths  [33.  We  thought 
that  if  these  paths  were  accentuated  by  a  red  line  that  they 
might  not  oause  aonfusion.  The  third  color  soheme  was  a  n-oolor 
scheme  where  n  was  the  number  of  nodes  in  the  network.  Eiah 
node  had  Its  own  unique  end  distinct  color,  and  every  output 
from  that  node  was  that  color.  The  set  of  colors  used  in  esoh 
display  comes  from  what  is  known  a*  the  "palette".  The  ohoioe 
of  oolora  will  be  described  in  greater  detail  in  a  Later  seotion 
of  this  paper.  The  fourth  was  s  randomised  soheme,  where  each 
lino  segment  was  drawn  with  a  oolor  randomly  selected  from  the 
appropriate  oolor  palette  for  the  network  size.  In  these 
displays,  the  consistency  of  ooloring  over  the  path  was  lost, 
slnoe  each  path  was  drawn  of  up  to  5  Una  segments.  However, 
the  colors  did  help  to  discriminate  line  crossings.  Thus,  this 
ooding  supposedly  de-empher ited  relationships  among  components 
whils  maintaining  disorimlnability . 


nil 


in: 


Figure  1. 

Example  Display  from  Experiment  1 
"Does  A  Affect  B?" 


Tan  unpaid  engineering  graduate  and  undergraduate  students 
served  as  subjects,  nine  Dales  and  1  female.  Each  saw  30 
displays  --  10  of  the  5x5  and  10  of  the  3  x  3  in  each  of  the 
four  colorings  outlined  above.  The  order  of  display 
presentation  was  randomized  once,  and  then  presented  to  33ch 
subject  in  the  same  random  order.  A  Joystick  served  as  the 
input  devioe.  A  deflection  to  the  right  was  recorded  as  s  yes 
end  to  the  left,  a  no.  Eaoh  session  lasted  about  an  hour  with 
perhaps  half  the  time  taken  in  the  generation  of  displays.  The 
response  time,  In  seoonds,  end  the  correotness  of  the  answer 
were  recorded  and  analysed, 

The  results  of  this  first  experiment  are  shown  in  the  table 
below. 


TABLE  1 

EXPERIMENT  1,  MEAN  RESPONSE  TIME  (aeoonda) 

white  colors  feedbk  rand 

3x3  9.11  7.61  10.62  10.30 

5x5  12.02  10.29  13.04  15.24 


Tha  analysis  of  varianoe  of  mean  responae  time  showed  that  size 
was  significant  (  p  <  0.001,  7  1,72  ■  12,66  )  as  was  oolor 
oodlng  £  p  <  0,05,  F  3,72  ■  3.30  ).  Interaction  between  the  two 
factors  was  not  significant.  Analysis  of  the  peroentsge  of 
correot  responses  showed  no  signiflosnoe.  Slnoe  the  subjeots 
were  instructed  to  "work  quickly  but  accurately,  and  to  not 
guess,"  we  assume  that  they  worked  to  a  oriterion  of  perfeotion, 
taking  as  muoh  time  as  they  needed  to  be  oertoin.  The  mean 
scores  for  percentage  oorrect  ranged  from  a  low  of  94  to  a  high 
of  100  with  an  overall  averaga  of  96.8.  The  data  waa  alao 
analysed  with  an  additional  factor  of  time.  There  were  2  levels 
of  this  faotor,  the  first  five  of  the  displays  seen  of  a  given 
coloring  and  size,  and  the  last  five.  The  resulte  of  this 
analysis  of  varianos  show  that  time  was  significant  (  p  <  0.001, 
7  1,64  •  15.537).  We  assume  that  subjeots  learned  to  perform 
faster,  maintaining  high  aoouracy  as  the  experiment  progressed. 


EXPERIMENT  2 

This  experiment  was  oonoerned  with  relationships  between 
internal  network  nodes  and  *A’  and  *B'.  A  sosnario  was  built 
into  the  directions : 

"The  node  labelled  'A*  always  connects  to  the  node  labelled 
'B'.  Imagine  'A'  ia  a  fusl  tank  and  *B*  is  an  engine  on  fire, 
Imagine  tha  lines  oarry  fusl.  Two  valves  labelled  * L •  (left) 
and  ' R '  (right)  are  available  but  only  one  will  dlsoonneot  'A' 
from  'B'  if  activated." 


The  nodes  labelled  'A'  and  f B *  appeared  In  the  same  columns 
as  experiment  1,  while  the  new  labels,  'L'  and  • R '  always 
appeared  in  oolumns  2  and  4,  respectively.  See  Figure  2  for  an 
example  of  this  display.  The  experimental  prooedure  followed 
was  similar  to  the  first.  Subjects  determined  which  valve  would 
disconnect  'A'  from  'S'  and  then  move  the  Joystick  to  the  right 
for  the  right  valve,  and  to  the  left  for  the  left  valve. 
However,  the  ooloring  sohames  differed,  and  the  order  of  color 
soheme  presentation  was  blocked  in  a  Latin  square  fashion  to 
eliminate  ordering  and  condition  effects.  Twelve  unpaid 
subjeots  saw  4  sets  of  10  displays,  eaoh  set  with  a  ooloring 
determined  by  the  Latin  square  design.  There  were  then  4 
orderings,  and  4  sessions  of  the  same  10  displays  (though  eaoh 
session  was  ordered  differently).  With  twelve  subjeots,  there 
were  three  replioates  of  the  oomplete  Latin  square  design.  The 
color  palettes  used  had  1,  2,  4,  or  8  colors  --  eaoh  smaller  set 
of  colors  being  a  proper  subset  of  the  next.  The  response  time, 
in  seconds  and  the  correctness  of  the  answer  were  reoorded  but 
only  the  response  time  was  analyzed  in  view  of  the  results  of 
experiment  1. 


Figure  2. 

Example  Display  from  Experiment  2 
"Which  Valve ,  L  or  R,  Will  Shut  Off  the  Flow  from  A  to  B" 


•*.  ■:  -  •*,  . 


Palette 
Name 


TABLE  2 

EXPERIMENT  2,  COLORINGS  AND  TREATMENT  MEANS 


Treatment 
Mean 


Color(s)  in  Displays 


w 

2 

4 

8 


9.95 

8.65 

8.78 

8.09 


white 

white,  red 

white,  red,  blue,  green 
white,  red,  blue,  green, 
grey,  pink,  orange,  yellow 


TABLE  3 

EXPERIMENT  2,  LATIN  SQUARE  DESIGN 
MEAN  RESPONSE  TIME 


Palette 

Order 

1 

Sessions 

2 

3 

4 

Row 

Means 

w  8  2 

4 

14.3 

8.7 

3.7 

7.6 

9.71 

2  W  4 

3 

9.5 

7.7 

6.9 

5.2 

7.33 

4  2  8 

w 

10.8 

8.4 

6.9 

5.2 

8.53 

8  4  w 

2 

11.5 

9.8 

9.7 

8.6 

9.91 

Column  1 

Means 

11.55 

3.66 

7.92 

7.34 

The  results  show  that  the  ordering  of  palette  groups  (rows 
in  the  table  above)  is  signifloant  (  p  <  0.05*  F  3,36  •  3.383). 
The  group  of  three  subjects  who  were  presented  the  displays  in 
the  order  2,  w,  4  and  8  colorings  had  tha  shortest  average  time 
not  only  for  the  whole  session  but  also  for  eaah  of  the 
subsessions.  We  might  ask  whether  performance  on  a  display  with 
3  oolors  is  facilitated  by  earlier  training  on  more  displays 
with  fewer  colors.  Recall  that  the  displays  in  each  of  the 
cells  were  exactly  the  same  except  being  colored  end  ordered 
(within  each  session)  differently. 

The  4  sessions  (ahronologioal  sequence  of  sessions)  also 
showed  significance  (  p  <  0.001,  F  3*36  ■  3.299  ).  Eaah  cell 
(with  one  exception)  shows  a  deorease  in  the  mean  response  time 
from  the  previous  cell,  regardless  of  coloring.  This  oonfirms 
many  of  the  subjeots'  reporting  that  they  began  to  reoognize  the 
faot  the  networks  were  being  repeated  by  noticing  the  patterns 
with  whioh  the  labels  ’A’,  'L',  'R',  and  ' Q '  appeared. 
Treatments,  tha  different  oolor  codings,  did  not  show 
signlfloanoe.  The  blocking  of  treatments  --  oolor  codings  -- 
may  make  it  easier  to  respond  qutokly.  Recall  that  in 
experiment  1  where  displays  were  presented  in  random  order, 
there  was  a  significant  effeot  of  ooloring. 


FUTURE  PLANS 

The  assignment  of  oolors  bo  nodes  and  outputs  has  bsan 
arbitrary,  simply  one  color  psr  node,  or  a  set  of  oolors 
repeated  sequentially.  Tha  meaningfullness  of  this  scheme  Is 
limited.  We  know  that  oolors  themselves  carry  many 
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nul  t  id  lrn-vna  tonal  attributes  (e.g.  red  --  danger,  hot, 
immediate,  stop).  In  addition,  we  would  like  to  investigate 
coding  a  given  node  and  other  ohosen  nodes  in  some  fashion  to 
emphasize  their  relationships,  We  would  like  to  build  up  a  set 
of  experimental  displays  and  scenarios  so  that  we  oould  ask 
subjeots  to  intervene  in  the  oontrol  of  a  graphically  displayed 
system.  Subjeots  could  actually  enter  commands  to  institute  a 
needed  procedure  and  use  the  graphics  and  colors  on  the  display 
3 s  their  prompts. 

Further  data  analysis  can  be  done  on  experiment  2.  The 
displays  were  seleoted  so  that  tht  minimal  path  from  node  to 
nods  *3'  was  known  to  pass  through  3  to  5  nodss.  Of  the  10 
different  displays  shown,  4  had  paths  of  length  3  another  4  of 
length  5,  and  2  of  length  2.  Half  of  each  set  had  oorreot 
answers  of  'left'  and  half  of  'right'.  We  want  to  oompare  the 
time  to  answer  questions  about  short  pathed  (3  nodes)  versus 
long  pathed  (5  nodes)  display  relationships. 


APPENDIX  -  COLORS 

The  oolors  used  in  the  3x3  networks  in  experiment  1  and 
ths  1,2,4  and  3  oolored  3x5  networks  of  experiment  2  were 
tnksn  from  ths  set  of  eleven  basio  color  terms  described  by 
Mirvis  in  Cl).  Given  the  Munae.ll  notation  of  the  desired 
colors,  we  obtained  ths  actual  glossy  finished  oolor  ohlp  [2], 
and  attempted  to  rsplicste  the  oolor  on  i  Ramtek  9400  Color 
Display  System.  Ths  Ramtek  allows  ths  3  oolor  guns  to  be 
adjusted  by  software  oontrol.  The  small  paper  ohip  was  held  up 
to  tha  screen,  with  the  display's  baokground  held  a  rslatively 
constant  grey,  and  ths  palette  entry  adjusted  until  the  mstoh 
between  the  ohip  and  the  soreen  was  subjeotlvely  beet.  Ths 
difference  in  the  media  (luminous  CRT  sorean  and  opaque  oolor 
ohip)  la  jraot,  and  a  problem  in  deaoribing  the  effeotive 
stimuli  used  in  this  type  of  reeearoh.  Tht  25  oolor  palette  was 
ohossn  arbitrarily,  but  with  oontidsr ation  to  the  even  plaosment 
of  oolors  on  the  oolor  wheel.  Ths  eleven  Muneall  oolors  did  not 
seam  appropriate  Tor  inclusion  in  this  larger  palette  beoause 
their  disor tminability  was  too  great.  When  other  oolors  were 
added  to  the  Munsell  palette  to  enlarge  it,  the  others  seem  to 
fade  while  the  Munsell  set  stood  out.  Therefore  we  ohose  a 
different  set  of  25  oolors  so  that  ill  were  disoriminable  but 
none  was  distracting. 
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ABSTRACT 

In  order  to  evaluate  the  concept  of  cockpit  display  of  traffic  Information 
(CDTI )  and  Its  Impact  on  the  air  traffic  control  system,  a  reasonable  candi¬ 
date  display  will  be  required  for  research.  This  study  was  designed  to  pro¬ 
vide  guidelines  for  later  simulation  research  on  display  design.  Because 
pilots  will  be  the  ultimate  users  of  CDTI,  13  general  aviation  pilots  were  ask¬ 
ed  to  respond  to  250  questions  about  display  content,  format  and  symbology. 

The  100  static  displays  shown  as  examples  Incorporated  Information  that  might 
be  Included  In  a  CDTI  (e.  g.  navigation,  terrain,  weather,  and  status  and  posi¬ 
tion  of  other  aircraft)  presented  with  varying  complexity,  symbology,  and  for¬ 
mat.  The  general  aviation  pilots'  responses  were  remarkably  similar  to  those 
previously  obtained  from  airline  pilots.  The  few  differences  found  seemed  to 
reflect  the  general  aviation  pilots'  concern  with  economics  and  a  single 
pilot's  workload  under  IMC.  They  felt  that  a  lot  of  Information  should  be 
available  with  pilot  control  over  the  amount  of  Information  displayed  at  any 
one  time. 


INTRODUCTION 

In  the  near  future,  technological  advances  In  automation,  display  technol¬ 
ogy,  and  Information  dissemination  will  make  It  possible  'to  provide  computer¬ 
generated  cockpit  displays  of  traffic  Information  (CDTI)  via  data  link.  A 
CDTI  should  provide  a  pilot  with  an  awareness  of  his  own  situation  and  that  of 
other  nearby  aircraft  which  would  allow  him  to  detect  loss  of  separation  and 
ATC  or  airborne  system  failures.  In  addition,  a  CDTI  could  assist  the  pilot 
In  evaluating  the  intentions  of  other  aircraft  and  allow  him  to  anticipate  and 
plan  ahead.  It  could  also  relate  the  position  of  a  pilot's  own  aircraft  and 
that  of  others  to  the  environment.  The  presentation  of  such  Information  In  the 
cockpit  could  result  In  substantial  changes  In  the  role  of  the  pilot  In  the 
air  traffic  control  system,  It  has  been  suggested  that  certain  air  traffic 
controller  functions  such  as  Intrall  spacing,  terminal  area  merging,  and  acting 
as  an  ATC  system  backup  and  monitor  could  be  assumed  by  pilots.  This  concept 
of  redefining  the  roles  of  pilot  and  controller  has  been  referred  to  as  dis¬ 
tributed  management. 

To  perform  any  type  of  ATC  functions  from  the  cockpit,  It  may  be  neces¬ 
sary  to  display  Information  about  the  environment  (e.g.  weather,  terrain,  and 
navigation  routes)  In  addition  to  the  status,  Intent,  and  position  of  other 
aircraft.  Pilots  now  obtain  such  Information  from  a  variety  of  sources 
Including  ATC,  charts,  weather  radar,  monitoring  the  radio  transmissions  of 

*  This  research  was  conducted  at  NASA-Ames  Research  center  and  was  sponsored 
by  NASA  grant  NSG-2156  to  Tufts  University. 
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other  aircraft,  and  looking  out  of  the  window.  A  CDTI  could  Integrate  these 
different  types  of  Information  to  assist  pilots  In  forming  a  mental  picture  of 
the  environment.  Many  questions  remain,  however,  concerning  what  Information 
should  be  displayed.  In  what  format  It  should  be  presented,  and  with  what 
level  of  complexity. 

Although  previous  research  Into  the  concept  of  providing  pilots  with 
traffic  Information  has  shown  that  the  Information  provided  enhances  control 
In  longitudinal  spacing  and  awareness  of  the  traffic  situation  (refs.  1,2, 
and  3),  many  questions  remain  to  be  answered  about  the  Impact  of  CDTI  on 
pilot  and  controller  workload,  the  functions  that  a  pilot  might  perform  with 
a  CDTI,  and  the  pilot's  ability  to  assess  such  a  display  while  performing  his 
primary  duties. 

In  order  to  demonstrate  the  feasibility  of  the  concept  of  CDTI,  extensive 
laboratory  and  simulation  research  must  be  conducted.  A  prerequisite  of  the 
research  Is  a  candidate  cockpit  display.  The  design  of  the  display (s)  used 
for  research  purposes  could  have  considerable  Impact  on  the  validity  of  the 
conclusions  drawn  about  the  feasibility  of  the  CDTI  concept  Itself.  Because 
pilots  will  be  the  ultimate  users  of  CDTI,  It  was  felt  that  they  should  be 
Involved  In  the  Initial  stages  of  designing  the  displays  to  be  used  In  research. 
To  this  end,  a  number  of  candidate  displays  ware  simulated  with  a  computer 
graphics  system  that  Incorporated  different  categories  of  Information  pre¬ 
sented  with  varying  levels  of  complexity,  symbologies,  and  formats.  Initially, 
the  candidate  displays  and  display  features  were  shown  to  23  airline  pilots 
who  were  asked  to  evaluate  the  specific  features  that  they  were  shown  Indi¬ 
vidually  and  In  combination  with  other  display  elements  (ref.  4).  These  pilots 
were  asked  to  specify  the  display  content  and  format  that  would  Incorporate 
all  of  the  essential  Information  presented  In  an  optimal  fashion  with  minimal 
display  clutter  and  confusion. 

In  the  current  study,  the  same  displays  were  shown  to  a  group  of  general 
aviation  pilots  who  were  asked  to  respond  to  the  same  set  of  questions  In 
order  to  compare  the  responses  of  the  two  groups  of  pilots.  The  purpose  of 
these  two  studies  was  to  obtain  a  set  of  guidelines,  provided  by  the  user- 
population,  which  would  be  used  as  the  basis  for  subsequent  laboratory  and 
simulation  research.  It  was  not  Intended  that  this  study  would  result  In  the 
design  of  a  single,  optimal  CDTI  display,  but  rather  would  define  the  Infor¬ 
mation  that  a  significant  number  of  pilots  felt  should  be  Incorporated  Into 
a  CDTI  with  preferred  symbology  and  display  format.  These  recommendations 
could  then  be  used  to  guide  laboratory  research  In  which  the  display  features 
that  pilots  preferred  would  be  tested  with  dynamic  simulations  to  verify 
that,  In  fact,  the  preferred  features  did  allow  accurate  and  efficient  per¬ 
formance  with  acceptable  levels  of  pilot  workload. 

METHOD 

The  procedures,  survey  format,  and  display  content  have  been  described 
In  detail  In  an  earlier  report  (ref.  4)  and  thus  will  be  presented  In  summary 
form  In  the  present  report. 
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Subjects 


TTiTrteen  general  aviation  pilots,  five  women  and  eight  men,  served  as  paid 
participants  In  the  study.  Their  ages  ranged  from  30  to  60  years  and  their 
total  flight  hours  ranged  from  2,000  to  16,000  hours.  All  of  the  pilots  were 
Instrument-rated  and  had  flown  a  variety  of  one  and  two  engine  light  aircraft. 
Only  two  of  them  had  previously  participated  In  research  at  NASA-Ames  Research 
Center,  and  none  of  them  had  been  Involved  In  research  on  CDTI.  When  the 
pilots  were  being  sought  for  the  study,  they  wave  not  told  that  CDTI  was  In¬ 
volved  to  avoid  any  selection  bias.  Although  only  15X  of  thorn  were  somewhat 
familiar  with  the  concept  of  CDTI,  85X  of  them  reported  In  advance  of  the  study 
In  a  preliminary  questionnaire  that  the  addition  of  a  traffic  display  In  the 
cockpit  might  provide  useful  Information. 


Procedure 

Upon  their  arrival  the  pilots  were  seated  around. a  conference  table  so  that 
each  of  them  was  able  to  see  the  projected  displays.  After  fllllna  In  a  brief 
summary  of  their  professional  experience,  Instructions  were  read  that  described 
CDTI,  the  environment  Into  which  It  would  be  Introduced,  the  tasks  that  a  pilot 
might  be  asked  to  perform  with  a  CDTI,  and  the  Impact  that  It  might  have  on  the 
division  of  responsibility  between  the  air  and  ground.  Each  pilot  was  provided 
with  a  12-page  booklet  In  which  the  Items  that  they  would  be  asked  to  evaluate, 
directions  about  how  to  respond,  and  spaces  for  their  responses  and  comments  were 
organized  Into  different  sections.  Several  response  formats  were  used;  (1) 
yes  or  no;  (2)  acceptable  or  unacceptable;  (3)  necessary,  desirable  but  not 
necessary,  unnecessary,  and  undesirable;  and  (4)  selecting  a  single  preferred 
option  from  a  set  of  options.  Most  of  the  Items  were  rated  Individually  and 
In  comparison  to  other  options  as  well. 


Presentation  of  the  displays  and  the  pilots'  responses  were  divided  Into 
seven  segments  In  which  display  content,  format  and  symbology  for  a  specific 
category  of  Information  were  Investigated:  (1)  navigation;  (2)  terrain; 

(3)  weather;  (4)  own  aircraft;  (5)  other  aircraft  (rules  for  display,  symbology, 
coding  schemes,  data  blocks);  (6)  use  of  color  coding;  and  (7)  general  ques¬ 
tions.  A  brief  Introduction  was  read  to  the  pilots  and  all  of  the  displays  for 
that  category  were  presented  before  the  pilots  responded  to  the  questions  In 
that  section.  They  were  allowed  to  ask  questions  at  any  time  and  were  shown 
the  displays  a  second  time  If  they  requested.  The  pilots  were  given  as  much 
time  to  respond  as  they  required  and  were  encouraged  to  make  written  comments, 
additions,  substitutions,  and  deletions  to  the  display  examples  that  they 
had  been  shown  In  order  to  develop  a  set  of  display  specifications  that  was 
representative  of  their  opinions. 


Test  Materials 

More  than  100  sample  displays  were  created  to  depict  different  CDTI  con¬ 
cepts  Individually  and  In  the  context  of  a  basic  navigation  display  alone  or  In 
combination  wUh  other  environmental  Information.  Display  content,  symbology, 
and  format  were  varied  for  each  category  of  Information  with  and  without  color 
coding  of  Individual  elements.  The  displays  were  drawn  by  the  author  with  a 
magnetic  pen  and  pad  Input  device  to  an  Evans  and  Sutherland  Picture  System  II. 
This  stroke  drawing  calligraphic  system  provided  five  colors,  of  which  only 
red,  green  and  yellow  were  used  for  maximum  contrast  (ref.  5),  In  essence, 


the  displays  that  were  created  served  as  a  series  of  "straw  men"  for  which  the 
pilots  were  encouraged  to  suggest  additions,  substitutions,  and  deletions. 

The  scenario  upon  which  the  design  of  the  displays  was  based  represented 
a  standard  southern  approach  to  runway  30L  at  San  Jose  Municipal  Airport  In 
California.  The  approach  was  simulated  for  a  medium  jet  at  an  Initial  dis¬ 
tance  of  SO  miles  from  the  airport  at  an  altitude  of  15,000  ft,  heading  302* 
with  a  ground  speed  of  280  kts .  Six  different  map  scales  were  simulated  to 
familiarize  the  pilots  with  the  varying  display  content  that  they  might  encounter 
on  a  descent  from  15,000  ft  to  the  outer  marker.  (Note  that  "miles"  refers  to 
nautical  miles  In  this  report.)  The  areas  covered  by  the  six  map  scales  were 
4  ml.  (fig.  1),  8  ml.,  16  ml,,  32  ml.  (fig  2),  64  ml.,  and  128  ml.  (fig  3) 
from  top  to  bottom  and  from  side  to  side. 


Fig.  Is  Navigation  display  for  southern  approach 
Jj  to  San  Jose  Municipal  Airport:  4  miles  full  scale 

|  Since  the  displays  In  the  study  were  static,  map  scaling  per  se  was  not 

r  a  variable,  however,  the  amount  and  type  of  Information  that  pilots  felt  should 

f  be  displayed  at  different  altitudes,  for  different  map  ranges,  and  during  dlf- 
:  ferent  phases  of  flight  were  examined.  All  of  the  maps  were  presented  with  a 

I  heading-up  orientation. 

!  Navigation  display.  Since  a  CDTI  could  perform  multiple  functions,  con- 

!  slderatlon  was  given  to  providing  a  graphic  display  of  routes,  navigation  aids, 
airports,  and  Intersections  to  assist  the  pilot  In  placing  the  position  of  his 
h  own  and  other  aircraft  In  context  and  to  use  for  primary  navigation. 
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Fig  2:  Navigation  display 
for  southern  approach  to 
San  Jose  Municipal  Airport: 
32  miles  full  scale 


Fig.  3:  Navigation  display 
for  southern  approach  to 
San  Jose  Municipal  Airport: 
12S  miles  full  scale. 


The  variables  Investlagted  Included*.  (1)  navigation  routes  to  display  - 
own  route  only,  own  and  intersecting  routes,  or  all  routes  with  the  range 
of  the  map;  (2)  symbology;  (3)  labeling;  (4)  color  coding;  and  (5)  display 
of  current  map  scale  and  map  orientation. 

Terrain  display.  Again  In  order  to  determine  whether  or  not  several 
categories  of  'information  should  be  combined  on  a  CDTI,  several  different 
ways  to  display  information  about  terrain  were  presented.  The  variables 
Investigated  Included:  (1)  Should  terrain  be  displayed  on  a  CDTI?  (2) 

Should  terrain  be  displayed  at  pilot  request  or  automatically?  (3)  What 
obstructions  should  be  displayed?  (4)  symbology;  and  (5)  color  coding. 

All  significant  man-made  and  natural  obstructions  that  were  within  6000 
vertical  feet  of  the  simulated  altitude  of  own  aircraft  were  graphically  super 
Imposed  on  each  of  the  maps  with  height  labeled  In  feet.  (fig.  4) 


Fig.  4:  Terrain  symbology  superimposed  on  a  32  mile 
map  representing  a  southern  approach  to  San  Jose  Airport 

In  addition,  grid  lines  were  superimposed  on  each  map  and  the  minimum 
safe  altitude  within  each  section  was  presented  In  hundreds  of  feet.  This 
method  of  presentation  was  suggested  as  an  alternative  or  addition  to  the 
display  of  specific  terrain  features.  In  concept,  the  grid  display  was  sim¬ 
ilar  to  the  Minimum  Safe  Altitude  Warning  (MSAW)  data  base  currently  In  use 
by  ATC  with  which  controllers  automatically  receive  a  warning  If  an  aircraft 
Is  In  Immediate  jeopardy  or  It  Is  predicted  that  it  will  be  within  30  sec. 


Weather  display.  A  CDT1  could  also  Include  a  graphic  display  of  weather 
as  well  as  other  types  of  Information.  The  variables  studied  Included: 

(1)  Should  weather  be  displayed  on  a  CDTI?  (2)  Should  a  weather  display  appear 
at  pilot  request  and/or  automatically?  (3)  What  Information  about  weather 
should  be  displayed?  (4)  symbology,  and  (5)  color  coding.  The  pilots  were 
shown  three  display  formats  depicting  different  amounts  of  Information  about 
weathers  (1)  the  location  of  weather  was  depicted  by  radial  lines  emanating 
from  a  radar  site  with  a  different  letter  Indicating  the  nature  of  the  weather 
and  areas  of  Intensity.  (2)  Letters  were  coded  to  display  the  location  and 
and  nature  of  areas  of  heavy  precipitation  only*  and  (3)  A  random  dot  pattern 
was  superimposed  on  the  map  to  show  location  only  with  no  indication  of  In¬ 
tensity  or  nature,  (fig.  6) 


Fig.  5:  Graphic  display  of  the  location  of  weather 
superimposed  on  a  32  mile  map  representing  a  southern 
approach  to  San  Jose  Municipal  Airport. 

Own  aircraft.  Different  ways  to  represent  a  pilot's  own  aircraft  were 
Investigated  with  particular  emphasis  on:  (1)  symbology;  (2)  location  of  the 
symbol  on  the  display;  and  (3)  the  relationship  between  the  representation 
for  own  and  other  aircraft.  Six  symbols,  Including  most  of  the  symbols  (fig. 
6)  In  current  use,  were  shown  to  the  pilots  on  a  single  display  with  and 
without  flight  path  predictors  and  In  the  context  of  a  basic  navigation 
display.  Three  possible  vertical  locations  for  the  own  aircraft  symbol  were 
shown  (centered  laterally):  centered;  offset  so  that  2/3  of  the  map  was 

ahead;  and  offset  so  that  3/4  ot  the  map  was  ahead. 
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Fig.  6:  Candidate  symbols  for  own 
aircraft. 


Traffic  display.  Since  the  pri¬ 
mary  function  of  a  CDTI  will  be  to  pro¬ 
vide  a  graphic  display  of  adjacent  traf¬ 
fic,  a  major  focus  of  the  study  was  to 
determine:  (1)  What  proportion  of  other 
aircraft  should  be  displayed?  (2)  sym¬ 
bology;  (3)  What  additional  information 
about  the  status  of  other  aircraft 
should  be  displayed?  and  (4)  How  "should 
such  Information  be  displayed  (data  tags, 
coded  symbols,  or  data  tables  on  a  second 
display). 


Since  It  Is  unlikely  that  all  air¬ 
craft  within  the  range  of  the  map  will 
be  displayed  because  of  clutter,  the  logic  for  displaying  other  aircraft  was 
Investigated.  The  algorithm  could  be  related  to  the  altitude,  speed,  or  map 
scale  of  own  aircraft,  proximity  to  own  route,  or  some  combination. 

The  simplest  representation  of  another  aircraft  would  be  a  nondl recti onal 
symbol  that  represented  Its  position  only.  This  type  of  symbol  was  represented 
by  a  circle  In  this  study.  In  addition,  the  symbol  could  also  present  Infor¬ 
mation  about  the  direction  of  flight  by  Its  orientation  (l.e.  a  directional 
symbol).  An  Isosceles  triangle  and  a  track  line  added  to  the  circular,  non¬ 
dl  recti  onal  symbol  were  suggested  as  two  ways  to  display  direction  of  flight. 

In  addition,  flight  path  history  or  "trail"  was  provided  for  half  the  displays. 
This  also  provided  Information  about  direction  of  flight  by  extrapolation. 

Each  of  these  symbols  with 
symbol  for  traffic  In  32 
and  128  ml.  maps  which 
simulated  traffic  densi¬ 
ties  typical  of  the 
San  Jose  area.  All  air¬ 
craft  within  +/-4000  ft 
of  the  pilot's  own  alti¬ 
tude  were  Included.  The 
same  positions,  altitudes 
and  densities  were  used 
for  each  of  the  displays. 

An  example  of  one  such 
display  may  be  seen  In 
Figure  7. 


Fig.  7:  Traffic  display 
superimposed  on  a  32  ml. 
map:  Directional  symbols 
with  flight  path  history 
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The  shape  of  the  symbol  used  to  depict  the  position  of  other  aircraft 
could  be  varied  to  display  additional  Information  about  the  status  of  other 
aircraft  graphically,  Examples  of  eight  coding  schemes  were  shown  In  which  the 
shapes  of  the  symbols  were  varied  to  depict  ATC  status  (under  ATC  control  or 
not)  alone  or  ATC  status  and  CDT1  equlppage  and/or  the  relative  altitude  of 
the  aircraft  with  respect  to  the  altitude  of  a  pilot  s  own  aircraft.  Two 
relative  altitude  coding  cohcepts  were  shown!  (1)  the  non-dl recti onal  symbol 
differentially  Indicated  whether  an  aircraft  was  at,  above,  or  below  the 
altitude  on  a  pilot's  own  altitude!  and  (2)  the  non-dl recti onal  symbo  showed 
only  whether  or  not  an  aircraft  was  at  the  same  altitude  as  the  pilot's  own 
aircraft  or  not,  but  did  not  differentiate  between  aircraft  that  were  above 
or  below.  An  example  on  the  most  complex  coding  schemes  may  be  seen  In  Figure 
8  and  In  the  context  of  a  128  ml.  map  In  Figure  9. 
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Fig  8;  Non-dl ractlonal  symbols  depicting  relative  altitude,  ATC  status  and 
CDTI  equlppage 

The  pilots  were  also  asked  to  specify  what  additional  Information  they 
felt  should  be  provided  about  the  status  of  other  aircraft  by  rating  18  dif¬ 
ferent  times  Individually,  and  to  specify  the  preferred  display  format  for  the 
different  types  of  Information:  (1)  symbol  encoding!  (2)  digital  data  blocks; 
(3)  digital  data  blocks  displayed  at  pilot  request  only;  and  (4)  an  alphanum¬ 
eric  table  on  a  separate  display. 

Effectiveness  of  multicolor  displays.  Pilots  were  shown  a  cross  sec¬ 
tion  of  the  displays  presented  simultaneously  monochromatlcally  (green  only) 
and  with  color  coding  (green  for  navigation!  yellow  for  terrain  and  weather, 
and  red  for  own  and  other  aircraft)  to  determine  whether  the  pilots  felt  that 
color  coding  was  necessary. 

Concludlna  auestlons.  The  final  section  Involved  several  question  about 
display  features  that  the"  pilots  had  not  been  shown  (e.g.  map  scaling  and  dis¬ 
play  size)  and  the  pilots'  evaluation  of  the  potential  usefulness  of  the  Infor¬ 
mation  that  a  CDTI  could  provide  and  Its  potential  impact  on  their  workload. 


RESULTS 


Fig,  9:  Traffic  display  superimposed  on  a 
128  ml.  map:  Non-dl recti onal  symbols 
with  flight  path  history  coded  to  depict 
relative  altitude,  ATC  status  and  CDT1  equlppage 


The  significance  of  the 
pilots'  responses  was  com¬ 
puted  by  calculating  the 
probability  that  one  or  more 
of  the  alternative  choices 
allowed  for  a  given  question 
would  be  chosen  R  or  more 
times  by  chance  alone.  The 
value  of  R  was  computed  for 
pn.05  and  p-.Ol  for  the  95# 
and  99#  confidence  levels 
respectively  (Indicated  by 
*  and  **  In  the  figures) 

The  critical  values  required 
to  assert  that  a  significant 
preference  was  found  may  be 
seen  In. Table  I. 

In  the  following  section, 
the  opinions  expressed  by 
a  significant  number  of  the 
general  aviation  pilots  Inclu¬ 
ded  In  this'  study  will  be 
summarized  and  their  responses 
will  be  compared  to  those  ob¬ 
tained  from  the  airline  pilots 
In  the  earlier  study. 


It  Is  essential  that  any  conclusions  that  the  reader  may  draw  from  these 
results  take  Into  account  the  limitations  of  the  research  methodology:  The 
displays  were  presented  statically  and  the  pilots  could  not  Interact  with  them 
or  use  them  In  an  operational  environment.  (2)  The  results  reflect  subjective 
evaluations  rather  than  objective  measures  of  performance.  (3)  It  was  Impos¬ 
sible  to  present  all  possible  format  and  symbology  options  and  combinations  and 
thus  alternatives  may  exist  that  the  pilots  would  have  selected  had  they  been 
shown  to  them 


Table  1 

Minimum  number  of  subjects  selecting  a  specific  alternative 
required  to  assert  that  a  significant  preference  was  evident 
In  the  responses  of  the  13  general  aviation  pilots 


Number  of  alternative  res 

ponses 

possible  | 

2 

3 

— 

4 

5 

6 

7 

8 

Level  of 
Confidence 

95# 

11 

9 

8 

7 

7 

6 

7 

6 

7 

99% 

12 

10 

9 

8 

7 

Navigation  display 

the  general  aviation  pilots  gave  essentially  the  same  responses  as  did 
the  airline  pilots  to  the  questions  posed  about  the  navigation  portion  of  the 
display.  They  Indicated  that  the  proportion  of  routes  displayed  should  In¬ 
crease  as  the  range  of  the  map  Is  Increased  (e.g.  own  route  only  for  1-10  ml. 
map  scales,  own  and  Intersecting  routes  for  10-50  ml.  map  scales  and  either 
own  and  intersecting  or  all  routes  within  the  range  of  the  map  for  map  scales 
greater  than  50  ml.)  (fig.  10)  Primary  navalds,  intersections,  and  airports 
should  be  displayed  symbolically.  Identifying  labels  should  be  Included  for 

Intermediate  map  scales.  A  dlg- 
1Q0  o -own  noun  only  1  tal  Indication  of  dlrectton  of 

itj  |  i  ■  own  and  intirsicting  flight  and  map  scale  should  be 

p  so-  routis  provided.  Airport  control  zones, 

Im  a ■  all routis  taxlways,  and  TCAs  should  not  be 

1 1 60  ‘”—185  displayed. 


II! 


Fig.  10:  Proportion  of  routes  to  display 
for  different  map  scales 


Terrain  display 

Eighty  five  percent  of  the 
general  aviation  pilots  felt 
that  significant  terrain  features 
1<MS0  M.100  should  be  displayed  by  specific 

Hanoi  or  odti  (mu  symbols  to  represent  the  location 

and  helgth  of  Individual  obstruc- 
oiNiMi.  aviation  pilots  («■  is)  tlons,  as  compared  to  91  %  of  the 
airlini  pilots  in  •  si)  airline  pilots  (fig.  11).  More 

than  half  of  both  groups  of 

if  routes  to  display  pilots  felt  that  a  digital  read- 
es  out  of  the  minimum  safe  altitude 
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CD  QINIRAL  AVIATION  PILOTS  In  •  1*1 


TISRAIN 

'BATUMI 

ADDITIONAL  INFORMATION  TO  DISPLAY  ON  A  OOTI 

Fig.  11:  Acceptability  of  Including 
specific  terrain  features,  mlnlmun  safe 
altitude  grid  and/or  weather  on  a  CDTI 


for  different  areas  would  be  an 
acceptable  alternative  to  a  sym¬ 
bolic  display  of  specific  ob¬ 
structions.  (fig.  11)  If  a 
symbolic  display  Is  used,  one  or 
two  symbols  (one  for  man-made,A, 
and  one  for  natural,#, obstruc¬ 
tions)  would  be  acceptable  with 
helgth  labeled  In  feet. 

A  significant  percentage 
of  both  groups  of  pilots  felt 
that  terrain  information  should 
bo  displayed  automatically  If 
an  aircraft  Is  below  the  mini¬ 
mum  safe  altitude  and  should  be 
available  at  pilot  request  as 
well,  regardless  of  its  format, 
(fig.  12)  Nlnty  three  percent 
of  the  general  aviation  pilots 
felt  that  obstructions  2000  ft. 
or  closer  should  be  the  only 
ones  displayed  (as  compared  to 
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Fig.  12:  Preferred  method 
of  activating  a  graphic 
display  of  terrain,  min¬ 
imum  safe  altitude,  or 
weather:  Automatic  If 
conditions  warrant  (Auto), 
at  pilot  request  (APR), 
or  both  (Auto  A  APR) 


I  I  GENERAL  AVIATION  PILOTS  (n  •  13! 
gga  AIRLINI  PILOTS  (n  *  33) 


SPKCIPIC  TERRAIN  MSAWORIO  WIATHIR 


PSATURIS 

METHOD  OP  ACTIVATING  DISPLAY  OP  ADDITIONAL  INFORMATION 


59X  of  the  airline  pilots,  many  of  whom  felt  that  the  algorithm  for  displaying 
terrain  should  vary  with  the  altitude  of  the  pilot's  own  aircraft. 

§f he* general  aviation  pilots  differed  from  the  airline  pilots  with  respect 
to  their  willingness  to  accept  a  graphic  display  of  weather  on  a  CDTI .  Nlnty 
two  percent  of  the  general  aviation  pilots  felt  that  weather  should  be  Included, 
whereas  the  majority  of  the  airline  pilots  preferred  to  have  a  separate  display 
dedicated  to  weather,  (fig.  11)  If  weather  Is  to  be  Included  on  a  CDTI,  a  sig¬ 
nificant  number  of  both  groups  felt  that  the  display  should  Include  Information 
about  the  nature  and  Intensity  of  the  weather  as  well  as  Its  location,  although 
neither  group  preferred  any  one  of  the  display  formats  shown  to  them  over  the 
others.  Nlnty  two  percent  of  the  general  aviation  pilots,  and  all  of  the 
airline  pilots,  felt  that  any  display  of  weather  on  a  CDTI  should  be  Initiated 
by  the  pilot  and  should  not  appear  automatically,  (fig.  12) 


Symbology  for  own  aircraft 

All  out  one  of  the  general  aviation  pilots  selected  the  most  airplane- 
like  symbol  to  represent  their  own  aircraft,  (fig.  13b)  The  airline  pilots 
had  selected  this  symbol  as  their  second  choice  and  the  chevron-shaped  symbol 
as  their  first  choice.  Triangles  (Isoceles  or  equilateral)  were  considered 
to  be  unacceptable  by  more  than  70X  of  the  general  aviation  pilots  (fig.  13a) 
and  was  selected  by  none  of  them  and  by  few  of  the  airline  pilots  as  their 
first  choice.  Although  more  of  the  general  aviation  pilots  found  the  stick 
figure  symbols  to  be  acceptable  than  did  the  airline  pilots,  none  of  them 
selected  either  of  the  stick-figure  symbols  as  their  first  choice  and  few  of 
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Fig,  13:  Pilot  response  to  symbols 
proposed  for  their  own  aircraft 


Fig.  14:  Preferred  location 
for  own  aircraft  symbol  on  CDTI 

the  airline  pilots  did.  Both 
groups  of  pilots  felt  that  the 
symbol  for  their  own  aircraft 
should  be  clearly  differentiated 
from  the  symbol (s)  for  other 
aircraft  by  size,  shape ,  and/or 
color. 


There  was  no  concensus 
among  the  general  aviation  pilots 
about  the  optimal  location  for 
their  own  aircraft  symbol  on  the 
display.  Although  92X  of  the 
airline  pilots  felt  that  the 
symbol  should  be  offset  so  that 
proportionally  more  of  the  map 
was  ahead,  (fig.  14)  38%  of  the 
general  aviation  pilots  felt  that 
It  should  be  centered  on  the  CDTI. 


Traffic  display 

Although  none  of  the  airline  pilots  wanted  all  aircraft  within  the  range 
of  the  CDTI  to  be  displayed  routinely.  30%  of  the  general  aviation  pilots  se¬ 
lected  this  option.  If.  however,  the  proportion  of  other  aircraft  displayed 
was  to  be  limited,  30%  of  the  general  aviation  and  48%  of  the  airline  pilots 
felt  that  only  those  aircraft  on  own  and  Intersecting  routes  should  be  dis¬ 
played,  and  the  majority  of  both  groups  felt  that  own  aircraft  speed,  altitude 
and  map  scale  should  be  Included  In  any  algorithm  for  limiting  tne  display  of 
other  aircraft.  Both  groups  of  pilots  agreed  that  limiting  the  proportion  of 
other  aircraft  displayed  to  those  within  +/-  2000  ft. of  their  own  altitude 
and  adjacent  laterally  would  be  an  acceptable  range  within  which  to  display  all 
aircraft  for  performing  the  tasks  of  fine  tuning  and  merging.  A  wider  range 
(e.  g.  all  aircraft  within  2-4000  ft,  above  and  below  own  altitude)  might  be 
displayed  for  monitoring  the  traffic  situation, 


In  general,  the  general  aviation  pilots  found  the  non-dl recti onal  symbols 
with  or  without  flight  path  history  to  be  less  acceptable  than  did  the  air¬ 
line  pilots,  (fig.  15)  More  than  90%  of  both  groups  found  the  directional 
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triangular  symbol  with 
flight  path  history  to 
be  acceptable. 

Both  groups  of  pi¬ 
lots  favored  some  form 
of  symbol  shape  encoding 
to  depict  the  relative 
altitude  and  ATC  status 
of  another  aircraft.  Of 
the  coding  schemes  sugges¬ 
ted.  both  groups  of  pilots 
found  the  relative  altitude 
encoding  scheme  that  Indi¬ 
cated  whether  another  air¬ 
craft  was  at,  above,  or 
below  own  altitude  to  be 
more  acceptable  than  a 
coding  scheme  that  simply 
differentiated  aircraft  at 
their  own  altitude  from 
those  that  were  not.  Al¬ 
though  both  groups  had  pre¬ 
ferred  the  triangular  symbol 
to  the  circular  non-diractlonal  symbol  because  It  depicted  direction  of  flight, 
they  felt  that  Information  about  relative  altitude  (at,  above,  or  below)  was  so 
Important  that  they  were  willing  to  forego  Information  about  direction  of  flight 
In  order  to  obtain  It.  When  asked  to  select  the  one  symbol  or  set  of  symbols 
that  they  preferred  from  the  24  alternatives  presented  (fig.  16),  more  than 
70*  of  both  groups  of  pilots  selected  a  symbol  that  Included  flight  path  history, 
more  than  60*  selected  symbols  that  depicted  direction  of  flight,  82*  of  the 
airline  pilots  and  93*  of  the  general  aviation  pilots  selected  symbols  that 
depicted  relative  altitude  and  92*  of  both  groups  selected  a  symbol  set  that 
Included  Information  about  ATC  status,  although  only  one  pilot  from  the  two 
groups  selected  a  coding  scheme  that  depicted  only  ATC  status.  None  of  the 
pilots  selected  a  symbol  for  other  aircraft  that  depicted  position  only.  All  of 
them  wanted  the  symbol  to  convey  at  least  some  addl tonal  Information. 

When  asked  to  evaluate  the  additional  types  of  Information  about  the  status 
of  other  aircraft  that  should  be  available  on  a  CDTI,  a  significant  number  of 
pilots  In  both  groups  selected  altitude,  flight  path  history,  and  emergency 
status  as  being  particularly  Important  from  the  list  of  options,  (fig.  17)  In 
addition,  more  than  70*  of  the  general  aviation  pilots  felt  that  direction  of 
vertical  flight,  ground  track  and  speed,  relative  altitude,  and  landing  sequence 
number  should  be  displayed.  The  airline  pilots  had  felt  that  Information  about 
weight  class  was  preferable  to  Information  about  aircraft  type,  and  a  much  great¬ 
er  percentage  of  the  airline  pilots  (83*  vs.  46*)  felt  that  knowing  whether  an¬ 
other  aircraft  was  IFR  or  VFR  was  necessary. 

Both  groups  of  pilots  felt  that  some  of  the  above  Information  could  be 
coded  Into  the  symbol  for  other  aircraft.  Although  both  groups  of  pilots  felt 
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Fig.  IBs  Pilot  rated  acceptability  of  the 
basic  symbols  suggested  for  other  aircraft 
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that  such  Information  as  al¬ 
titude.  ground  speed,  weight 
class  or  aircraft  type,  I.D., 
vertical  speed,  and  destina¬ 
tion  should  be  displayed  dig¬ 
itally  In  a  data  block  beside 
the  symbol  for  another  air¬ 
craft,  few  pilots  In  either 
group  wanted  such  Information 
displayed  at  all  times  for 
all  aircraft*  Rather,  they 
wanted  to  request  such  Infor¬ 
mation  at  their  discretion 
for  specific  aircraft.  The 
majority  of  both  groups  pre¬ 
ferred  the  option  of  a  touch 
sensitive  display  as  a  means 
of  requesting  the  display 
of  a  digital  data  block  for 
another  aircraft.  Few  pi¬ 
lots  selected  the  option  of 
an  additional  display  for 
digital  Information  about 
other  aircraft. 

th.  pilot.  In 
both  groups  felt  that  color 
coding  was  essential  to  differentiate  among  categories  of  Information  and  to 
Improve  their  speed  and  accuracy  of  recognition.  More  than  85X  of  both  groups 
felt  that  color  encoding  would  assist  them  In  determining  the  position  of  other 
aircraft  and  91X  of  the  airline  and  69X  of  the  general  aviation  pilots  felt 
that  color  encoding  would  assist  them  In  maintaining  separation  from  other 
aircraft  alone  or  in  combination  with  symbol  encoding. 
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Fig,  17:  Pilot  rated  necessity  for  differ¬ 
ent  types  of  Information  on  the  status  of 
other  aircraft. 


aviation  pilots  were  willing  to  accept  a  much  smaller  display 
size  than  were  the  airline  pilots,  (fig.  18)  I  «or  c=3osnmai aviation hwt, m-m 

Whereas  only  one  airline  pilot  was  willing  to  f.  ■»*  mm  maun,  pilots  m-m 

accept  a  CDT1  less  than  7  In.  In  diameter,  ||  so-  m 

six  out  of  13  General  aviation  pilots  felt  ||  rn  _|| 

5  In.  would  be  the  minimum  acceptable  size.  I1  »■  I  (H  li 


Fig.  18:  Minimum  acceptable  size 
for  a  CDTI 


Opinions  about  potential  Impact  of  CDTI  minimum  hmoht  and  rioth  op  ooti 

Only  one  general  aviation  pilot  Fig.  18:  Minimum  acceptable  size 

and  none  of  the  airline  pilots  felt  that  for  a  CDTI 
the  additional  task  of  monitoring  a  CDTI 

would  Increase  their  workload  to  an  unacceptable  level,  fig.  19a)  Fifty  eight 
percent  of  the  general  aviation  pilots  and  74X  of  the  airline  pilots  felt  that 
their  workload  would  Increase  somewhat  with  the  addition  of  a  CDTI.  A  number  of 
the  general  aviation  pilots  expressed  their  concern  about  the  additional 
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(a)  Impact  of  CDTI  on  workload 
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(b)  Will  CDTI  provide  useful  Information 
about  the  positions  and  Intentions  of 
other  aircraft? 


responsibility  of  monitoring  a 
CDTI  when  flying  without  a  co¬ 
pilot  under  IMC.  Despite  this 
concern,  3U  of  the  general 
aviation  pilots  and  18X  of  the 
airline  pilots  felt  that  their 
workload  might  actually  decrease 
with  the  addition  of  a  CDTI. 

All  but  three  of  the  gen¬ 
eral  aviation  pilots  and  four 
of  the  airline  pilots  felt  that 
a  CDTI  would  provide  useful  In¬ 
formation  about  the  position 
and  Intention  of  another  air¬ 
craft.  (fig.  19b)  Three  ad¬ 
ditional  pilots  In  each  group 
felt  that  such  a  display  would 
be  useful  If,  and  only  If,  It 
was  a  fundamental  display  that 
combined  multiple  categories  of 
Information  and  functions.  In 
addition,  several  general  avi¬ 
ation  pilots  expressed  their 
concern  that  Implementing  CDTI 
In  the  ATC  system  could  mean 
the  "end  of  VFR  flight". 


Pilots' 


Even  though 

,  0™$!"*  4bOI't  th*  dllpl  ay*cluttert 

Impact  on  CDTI  that  1t  would  be 

have  a  great  deal  of  Information  available  for  display  on  a  CDTI. 
tlon  to  this  Inconsistency  was  to  suggest  that  the  pilot  should  be  allowed  to 
control  the  amount,  type,  and  complexity  of  Information  displayed  at  any  time. 


Fig.  19: 
potential 


both  groups  of 
concern  about 
they  both  felt 
necessary  to 
Their  solu- 


It  Is  possible  that  the  pilots  may  revise  their  opinions  about  the  amount 
and  complexity  of  Information  to  be  displayed,  and  about  symbology  and  format, 
once  they  have  used  these  displays  In  a  dynamic  simulation.  For  this  reason, 

It  must  be  emphasized  again  that  the  results  of  this  study,  and  the  earlier 
study,  reflect  pilot  opinion  only  and  that  different  results  might  be  obtained 
once  the  pilots  have  used  the  different  displays  In  simulated  flight. 


One  of  the  most  Interesting  results  of  the  present  study  was  the  degree 
to  which  the  two  groups  of  pilots  agreed  about  the  optimal  content,  format  and 
symbology  on  a  CDTI.  This  occurred  even  though  the  groups  differed  with  respect 
to  age,  flight  experience,  and  operational  environment.  Differences  that  were 
found  appeared  to  be  related  to  the  general  aviation  pilots1  concern  with  cost 
and  the  additional  load  that  such  a  modification  would  Impose  on  a  single  pilot 
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particularly  under  adverse  weather  conditions.  It  appears  that  there  Is  con¬ 
siderable  uniformity  among  the  group  of  pilots  sampled  about  the  Information 
that  they  felt  should  be  displayed  on  a  CDTI  (with  the  exception  of  Including 
a  display  of  weather),  the  format  In  which  It  should  be  presented,  and  the 
symbology  to  be  used  (with  the  exception  of  the  symbol  selected  for  own  air¬ 
craft).  These  results  were  obtained  from  36  pilots  who  differed  from  each 
other  with  respect  to  type  of  aircraft  flown,  cockpit  environment  (1,  2,  or 
3  man),  air  traffic  control  environment  typically  flown  In,  years  of  experience, 
and  reason  for  flying.  It  will  be  interesting  to  see  whether  this  commonality 
of  opinion  persists  Into  the  dynamic  simulation  environment  which  will,  of 
course,  be  a  much  more  valid  test  of  the  concepts  presently  under  consideration. 
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PERCEPTION  OF  AIRCRAFT  SEPARATION  KITH  VARIOUS  SYMBOLS 
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AS8 TRACT 


Paroaptlon  of  notion  and  aircraft  separation  on  a  cockpit  display  of 
traffic  information  (CDTI)  may  ba  affactad  by  many  dlffarant  display  elements 
such  sat  information  content  of  aircraft  predictors  and  history,  number  and 
type  of  display  background  elements,  map  orientation,  map  scale  and  update 
rata.  An  experimental  approach  is  described  for  quickly  evaluating  the 
ralativs  importance  of  many  of  thasa  display  variables.  The  procedure 
requires  that  the  pilot  Judge  whether  an  intruder  aircraft  will  pass  in  front 
of  or  in  back  of  his  own  aircraft  based  on  a  short  look  at  the  encounter 
situation  at  soma  time  prior  to  the  time  of  closest  approach. 

The  results  of  four  experiments,  each  of  which  dealt  with  a  different  sat 
of  display  variables,  are  described.  Display  variables  wars  horlsontal  flight 
path  predictor  types  and  history  for  both  own-ship  and  intruder.  Pilots  mads 
fewer  judgment  errors  when  they  had  predictive  information,  especially  with 
the  predictor  curved  proportionally  to  turn  rata. 

Flans  for  the  experimental  series,  which  will  continue,  are  briefly 
explained.  A  small  subset  of  display  elements  will  be  recommended  for  further 
evaluation  in  a  full  mission  simulation. 


INTRODUCTION 


The  concept  of  displaying  pertinent  traffic  information  in  the  cockpit 
has  been  proposed  for  many  years.  Only  recently,  however,  have  crowded  sir- 
space  conditions  added  pressure  to  finding  new  solutions  for  safely  maintain¬ 
ing  less  separation  distance  between  aircraft  (ref.  1).  Three  proposed  meth¬ 
ods  of  displaying  such  traffic  information  aret  (1)  a  display  dedicated  only 
to  traffic  Information;  (2)  adding  traffic  information  to  the  weather  radar 
display;  and  (3)  integrating  traffic  information  with  an  electronic  map 
display.  In  the  third  option,  the  CDTI  would  also  serve  ss  the  pilot's 
primary  display  of  navigation  and  guidance  information.  One's  own  position 
and  direction  of  travel  with  respect  to  area  navigation  routes  and  terrain 
features  would  be  indicated  by  a  "heading  up"  or  a  "track  up"  moving  map 
display.  The  display  computer  would  continuelly  translste  end  rotate  this 
map  so  that  current  aircraft  looation  would  be  represented  by  s  fixed  aircraft 
symbol  and  current  value  of  aircraft  heading  or  track  angle  would  be  displayed 
at  the  top  of  the  display.  Objects  on  the  display  would  move  down  the  display 
at  a  rats  proportional  to  aircraft  movement  over  the  ground.  When  own-ship 
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turns,  all  objocts  on  the  nap  would  rotate  about  the  fixed  aircraft  symbol. 
Symbols  showing  the  location  of  other  air  traffic  would  move  with  respect  to 
both  ground  referenced  objects  and  own-ship. 

Perceptually,  a  CDT1  presents  a  more  complicated  display  than  an  air 
traffic  controller's  (ATC)  display.  On  an  ATC  display,  the  map  is  fixed  and 
all  of  the  aircraft  symbols  move  with  respect  to  that  fixed  backgrounds  in 
the  CDTI,  the  pilot  is  presented  with  a  continuously  moving  background  as  well 
as  moving  aircraft.  A  parallel  can  be  drawn  between  perceptual  problems  with 
conventional  shipboard  radar  and  potential  CDTI  problems.  Perceptual  errors 
caused  by  misleading,  apparent  motion  of  other  ships,  due  to  own-shipe  rota¬ 
tion,  has  occasionally  led  to  what  are  referred  to  as  "radar  assisted  colli¬ 
sions"  (ref.  2).  Sophisticated  collialon-avoidance  systems  are  now  being 
developed  for  ships  to  improve  the  raw  radar  display  in  order  to  eliminate 
those  perceptual  problems.  One  goal  of  the  research  described  in  this  paper 
is  to  specify  relevant  information  for  a  CDTI  so  that  initial  users  will  not 
suffer  from  problems  analogous  to  those  of  early  conventional  radar  displays 
in  ships. 

The  first  step  taken  toward  developing  a  clear  and  easy  to  use  generic 
CDTI  was  to  develop  an  exhaustive  list  of  questions  regarding  the  CDTI  concept. 
The  questions  pertinent  to  the  generic  CDTI  issue  were  examined  and  an  experi¬ 
mental  approach  to  answering  each  question  was  determined.  The  questions  to 
be  answered  dealt  with  the  display  symbols  and  density,  factors  altering  per¬ 
ception  of  motion,  pilot  communication  with  the  display,  CDTI  interaction  with 
other  systems,  and  display  location.  This  study  deals  with  some  basic  factors 
affecting  pilot  perception  of  motion  and  traffic  separation.  Pilots  made 
judgments  while  monitoring  a  dynamic  CDTI  display.  Errors  in  Judgment  ware 
racorded  to  determine  how  accurately  pilots  could  predict  the  future  separa¬ 
tion  between  their  own  aircraft  and  an  Intruder  aircraft.  Different  combina¬ 
tions  of  displayed  information  and  task  difficulty  were  chosen  for  each  of 
four  experiments.  The  method  developed  here  will  also  be  used  to  examine 
additional  display  variables.  In  other  proposed  experiments,  pilots  will 
manually  control  the  aircraft  simulator  for  such  tasks  as  in-trail  spacing, 
merging,  and  collision  avoidance  maneuvering  using  the  display  symbols  devel¬ 
oped  in  these  experiments. 


METHOD 


Display  Hardware 


The  CDTIs  were  two  7-  by  7-ln.  CRTs  located  directly  below  the  attitude 
indicators  of  tha  pilot  and  copilot  in  a  fixed-bass  cockpit  simulator.  The 
center  of  the  display  was  23*  below  the  horisontal  and  was  33  in.  from  tha 
pilot's  eye  reference  point.  The  display  symbols  ware  generated  by  a  general 
purpose,  stroke-writing  computer  graphics  system.  The  green  phosphor  on  tha 
CRT's  left  no  noticeable  after  glow. 


Figure  1  shows  four  of  tha  display  formats  used  in  the  experiments.  The 
following  display  symbols  wars  constant  in  this  series  of  experiments.  The 
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ITRAIOHT  OROUND  RCFlRINQID 
(QH)  FRIDICTORI  ON  tOTH  AIR* 
CRAFT  (Hi-HI) 


QURVIO  OROUND  HIFIRINMD 
FRIDIQTOR  ON  OWN  IHIF  AND 
ITRAIOMT  OROUND  RIMRINCID 
FRIOICTOR  ON  INTRUDIR  (HC-HFI 


FRIDICTORI  ON  *OTH  AIRCRAFT 
IH0.HCI 


INTRUDIR  AND  NO  FRIDIOTOR 
ON  OWN  IHIF  (HN*HRI 


Figure  1.  Four  of  tha  display  format*  u**d  in  th*  experiment.  Tha  following 
parameters  war*  not  changadi  ralativa  bearing  at  ancountar,  ■  O'l  own- 

•hip  *p**d  ■  200  knot*!  background  present!  update  ovary  4  a.|  32  a.  of 
ground-rofaroncad  historyj  map  track  upj  and  width  of  map  -  10  n.  ml.  of 
tarraln. 

top  point  of  tha  chavron  aymbol  indicated  th*  present  position  of  own-ship. 
Praaant  poaltlon  of  th*  intruder  wa*  indicated  by  a  dot  In  tha  cantor  of  a 
circular  symbol.  The**  aymbol*  wer*  preferred  by  th*  most  pilot*  in  Hart's 
study  (raf .  3)  of  pilot  opinions  on  various  types  of  possible  CDT1  symbols. 

An  RNAV  rout*  and  runway  symbol  provided  ground  object*  for  background.  The 
width  of  tha  terrain  displayed  on  tha  map  display  wa*  always  10  n.  mi.  With 
this  map  scale ,  which  saams  reasonable  for  terminal  area  operations,  1  n.  ml. 
on  tha  ground  equals  0.5  in.  on  th*  display.  The  display  was  rotated  so  that 
own-ship's  track  was  at  tha  top  of  tha  map.  Own-ship  position  and  all 
Intruder  in  formation  wars  updated  every  4  sac.  No  sensor  nolsa  or  filter  lag 
was  simulated  for  thesa  easts. 

Tha  indapandant  display  variables  included  tha  presence  or  absence  of 
ground  referenced  history  and  tha  type  of  predictor  on  own-ship  and  intruder. 
Table  1  shows  the  various  combinations  of  display  symbols  used  in  th*  four 
experiments  and  defines  the  kind  of  history  end  predictor  information 
displayed.  Those  displays  are  discussed  in  more  detail  in  the  description  of 
ths  Individual  experiments. 


TABLE  1 


COMBINATIONS  OF  DISPLAY  SYMBOLS  USED  IN  EXPERIMENTS  1  THROUGH  4 


Own-ship 

Intruder* 

Coda 

Experiment 

History 

Fradictor 

History 

Predictor 

1 

2 

3 

4 

Nona 

Non* 

None 

None 

NM-NN 

X 

History 

None 

History 

Nona 

HN-HN 

X 

X 

Nona 

Straight 

None 

Straight 

NS-N8 

X 

X 

History 

Straight 

History 

Straight 

HS-H8 

X 

X 

X 

X 

History 

Non* 

History 

Relative 

HN-HR 

X 

History 

Curved 

History 

Straight 

HC-H8 

X 

History 

Curved 

History 

Curved 

HC-HC 

X 

X 

*Dtf inltlona 


Non* i  symbol  wu  not  pr«**ne.  \ 

History i  Evsry  4  sac.  *  n*w  history  dot  mss  mddmd  marking  ths  currant 
ground  position  of  th*  aircraft.  A  total  of  8  dots  or  32  sac.  of 
history  vers  display ad. 

Straight!  Th*  and  of  eha  vector  predicts  the  position  of  the  aircraft 
ovar  the  ground  in  32  sec.,  assuming  th*  aircraft  maintains  its 
currant  ground  track 

Curved i  Th*  and  of  th*  vector  predicts  th*  position  of  th*  aircraft 
ovar  the  ground  in  32  sac.,  assuming  the  aircraft  maintains  its 
currant  turn  rata. 

Relatival  The  and  of  ths  vector  predicts  the  intruders  position  relative 
to  own-ship  in  32  sac.,  assuming  both  aircraft  maintain  thalr 
currant  ground  track. 

Encounter  Variables 


Figure  2  shows  th*  sight  parameters  that  vara  used  to  specify  an 
ancountar  between  own-ship  and  an  intruder.  The  separation  dlstanca  at  th* 
point  of  encounter,  R,  was  an  independent  variable.  Xn  these  experiments, 

R  was  either  3,000,  6,000,  or  9,000  ft.  Thera  wars  no  encounters  that  would 
result  in  a  collision.  For  each  display  condition,  the  pilots  monitored  24 
different  encounters  before  progressing  to  the  next  display  condition.  In 
12  of  those  encounters  the  intruder  would  ultimately  pass  in  front  of  ovu- 
ship.  Figure  3  depicts  these  12  encounters  and  their  parametere  as  they  would 
appear  using  th*  curved  ground  referenced  predictor  and  history.  Th*  remain¬ 
ing  12  encounters  differed  from  these  only  in  that  th*  sign  of  the  separation 
parameter  was  lavarsad.  Note  that  in  12  encounters  both  aircraft  ware  going 
straight  and  in  th*  remaining  12  ona  or  both  aircraft  was  turning.  During 
the  axperim,  t,  the  order  of  presentation  of  ths  24  encounters  wns  randomised. 
In  addition,  whether  the  pilot  saw  th*  encounter  depicted  in  figure  3  or  its 
mirror  image  was  also  randomised. 
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TURN  RATI 
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Figure  2.  Parameter!  uaad  to  apacify  an  anoountar  bacwaan  own-ahlp  and  an 

lntrudar. 
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Figuta  3.  Twelve  of  tha  24  ancountara  In  which  tha  lntrudar  paaaad  in  front 
if  own-ahip.  All  diaplaya  ahow  ground-referenced  pradletora.  Tha  niaa  dia- 
tanca  la  3|000  ft.  Relative  bearing  at  ancountar  la  +r  ■  0*  and  own-ahip 
apaad  la  Vq  ■  200  knota. 
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The  pilot's  task  was  to  monitor  the  CDT1  and  predict  whether  an  intruder 
aircraft  would  pass  in  front  of  or  in  back  of  his  aircraft.  Each  trial  was 
Initiated  by  the  pilot  pushing  a  start  button.  After  two  display  updates 
(8  sec),  the  intruder  appeared  on  the  CDTI  with  a  position,  velocity,  track 
angle,  and  turn  rate  calculated  so  that  the  Intruder  would  be  either  directly 
in  front  of  or  in  back  of  own-ship  in  60  sec.  This  point  is  referred  to  as 
the  encounter  point  in  this  paper.  It  is  not  necessarily  the  closest  point  of 
approach.  After  four  additional  updates  (16  sec)  the  CDTI  was  blanked  and 
replaced  by  a  message  asking  whether  the  intruder  was  going  to  pass  in  front 
or  in  back  of  own-ship.  The  pilot  indicated  his  decision  by  pushing  a  hand¬ 
held  switch  either  forward  for  "in  front"  or  back  for  "in  back."  The  words 
"IN  FRONT"  or  "IN  BACK"  than  appeared  indicating  the  correct  judgment. 

Subjects 

Twenty-four  airline  pilots  served  as  paid  subjects  in  these  experiments. 
They  were  selected  from  a  pool  of  pllota  who  have  volunteered  to  participate 
as  test  subjects  in  Ames'  experiments.  They  were  not  Informed  of  the  content 
of  the  experiments  ur.cll  they  arrived  at  Amea,  Prior  to  the  beginning  of  the 
atudy,  the  pilots  were  asked  a  few  general  questions  about  their  attitude 
toward  the  CDTI  concept  and  about  their  flying  background.  Sixteen  of  the 
pilots  ware  familiar  with  tha  concept  of  CDTI  and  all  of  the  pilots  felt  that 
the  addition  of  traffic  information  in  tha  cockpit  would  be  desirable.  Nina 
of  the  pllota  were  captains  and  15  wars  first  officers.  The  pilots'  accumu¬ 
lated  flying  time  ranged  from  2,500  to  30,000  hrs.  All  but  six  of  the  pllota 
had  military  flight  axperianca.  Sevan  pilots  were  currently  flying  B-727's 
or  B-737'aj  5  were  flying  B-707'a  or  DC-8'sj  and  12  were  flying  B-747'a, 

DC-10' s  or  L-1011'a.  All  but  one  of  the  pilots  had  pravloualy  participated  in 
other  experiments  at  Ames. 

Approximately  1  hr  was  spent  describing  the  task  and  training  the  pilots 
on  how  to  interpret  the  different  CDTI  displays  before  each  experiment.  At 
tha  conclusion  of  the  experiment  each  pilot  waa  given  a  four-page  questionalre 
in  which  they  were  asked  to  evaluate  the  CDTI  dlaplaya, 


EXPERIMENT  1 


The  primary  objective  of  experiment  1  was  to  determine  what  form  of  pilot 
response  to  use  in  later  experiments.  A  secondary  objective  was  to  compare 
dlaplaya  with  and  without  straight  ground  referenced  predictora  and  with  and 
without  hlatory. 

Independent  Variables  —  Response 

There  were  two  reeponsa  types.  In  the  first,  referred  to  hare  as 
"window"  tasks,  tha  pilots  viewed  an  encounter  for  16  sec.  After  16  sec 
they  were  asked  to  make  a  deolsion  and  to  respond  accordingly.  With  this 
response  type,  two  time  windows  ware  used.  In  the  first,  the  intruder 
appeared  60  sec  before  encounter  and  in  the  second  tha  intruder  appeared 
45  sac  before  the  encounter.  Pilot  response  always  occurred  after  tha 
display  waa  blanked. 
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In  tha  second  response  type,  Che  intruder  appeared  60  sac.  before 
encounter  and  disappeared  after  45  sec.  Instead  of  responding  when  the 
intruder  disappeared,  the  pilots  ware  instructed  to  respond  as  quickly  and 
as  accurately  as  possible  at  any  time  after  the  appearance  of  the  Intruder. 

If  they  did  not  respond  after  45  sec,  the  display  was  blanked  end  a  message 
appeared  asking  them  to  respond.  It  was  hoped  that  the  additional  data  on 
decision  time  provided  by  this  task  would  allow  both  finer  discriminations  to 
be  made  between  displays  as  well  as  provide  a  measure  of  pilot  confidence. 

This  task  is  referred  to  as  the  "decision  time"  task. 

Independent  Variables  -  Displays 

The  four  display  variables  were  ground-referenced  history  (ON  and  OFF) 
and  straight  ground-referenced  predictor  (ON  and  OFF).  Ground-ref exsneed 
history  showsd  the  aircraft's  path  over  the  ground.  It  was  displayed  by  each 
aircraft  "dropping"  a  dot  every  4  sec.  Eight  dots  (32  sec  of  history)  were 
displayed.  These  history  dots  translated  and  rotated  with  the  terrain  symbols 
Tha  straight  ground-referenced  predictor  was  a  straight-line  extrapolation  of 
eSCh  aircraft's  current  velocity  vector.  It  depicted  where  an  aircraft  would 
be  relative  to  the  ground  in  32  sec,  assuming  that  the  aircraft  did  not  turn. 
Note  that  whenever  an  aircraft  is  turning,  this  prediction  will  be  in  error. 
The  magnitude  of  the  miss  distance  was  always  3,000  ft  in  the  first  experi¬ 
ment. 

Experimental  Design 

Each  of  the  four  pilots  made  judgments  using  all  four  displays  and  all 
three  response  tasks.  One  days  1  and  3,  pilots  performed  the  "decision  time" 
task.  Mean  error  rates  and  mean  decision  times  were  recorded.  On  days  2 
and  4  the  pilots  performed  the  two  "window"  tasks  with  each  display  conditions 
Mean  error  rates  were  recorded.  Pilots  were  run  in  pairs.  For  each  task  and 
pilot  pair,  the  display  order  was  randomized. 

Results 

Tables  2  and  3  show  tha  percentage  of  errors  made  with  each  display  for 
both  straight  and  curved  encounters  for  the  two  window  tasks.  The  data  are 
averaged  over  pilots  and  replications.  The  number  of  trials  per  cell  ranged 
from  83  to  96.  Some  of  the  values  were  less  than  the  nominal  value  of  96 
(4-pllots  x  12 -encounters  x  2-replications)  because  data  from  some  trials 
were  lost  due  to  a  computer  hardware  failure. 

Comparing  tha  error  data  in  tables  2  and  3,  it  is  clear  that  it  was  more 
difficult  for  the  pilots  to  make  correct  judgments  when  the  viewing  time 
window  was  farther  from  the  encounter  (table  2)  than  it  was  closer  (table  3) . 
Both  sets  of  data  show  similar  trends.  As  expected,  more  errors  were  made  on 
curved  encounters,  when  one  or  both  aircraft  was  turning,  than  on  straight 
encounters  when  neither  aircraft  was  turning.  On  the  straight  encounters,  the 
straight  predictors  improved  performance,  but  the  addition  of  history  did  not 
lower  the  error  rate.  On  the  curved  encounters,  neither  straight  predictors 
nor  history  helped.  Recall  that  the  end  of  the  straight  predictor  only 
correctly  predicted  where  the  aircraft  would  be  in  32  sec  when  the  aircraft 
was  going  straight. 


TABLE  2 


PERCENTAGE  ERROR  PLUS  AND  MINUS  ONE  STANDARD  ERROR  FOR  THE  60-SEC  WINDOW 
TASK  FOR  FOUR  DISPLAYS  AND  STRAIGHT  AND  CURVED  ENCOUNTERS.  THE  DATA 
IN  EACH  CELL  ARE  THE  AVERAGES  FOR  FOUR  PILOTS ,  12  ENCOUNTERS ,  AND  TWO 
REPLICATIONS.  THE  MAGNITUDE  OF  THE  MISS  DISTANCE  WAS  ALWAYS  3,000  FT 


Display  Conditions 

Encounter  Types 

History 

Predictor 

Code 

Straight 

Curved 

None 

Nona 

NN-NN 

33  12 

45  16 

History 

Nona 

HN-HN 

36  15 

39  12 

None 

Straight 

NS-NS 

14  12 

39  14 

History 

Straight 

HS-HS 

22  17 

35  11 

TABLE  3 


PERCENTAGE  ERROR  PLUS  AND  MINUS  ONE  STANDARD  ERROR  FOR  THE  45-SEC  WINDOW 
TASK  FOR  FOUR  DISPLAYS  AND  STRAIGHT  AND  CURVED  ENCOUNTERS.  THE  DATA 
IN  EACH  CELL  ARE  THE  AVERAGES  FOR  FOUR  PILOTS,  12  ENCOUNTERS,  AND  TWO 
REPLICATIONS.  THE  MAGNITUDE  OF  THE  MISS  DISTANCE  WAS  ALWAYS  3,000  FT 


Display  Conditions 

Encounter  Types 

History 

Predictor 

Code 

Straight 

Curved 

Nona 

Nona 

NN-HH 

24  12 

31  18 

History 

Nona 

HN-HN 

27  12 

30  13  ! 

Nona 

Straight 

HS-HS 

6  16 

31  16 

History 

Straight 

HS-HS 

6  13 

34  16 

Table  4  shows  cha  parcantaga  of  arror  and  maan  daolalon  tlmaa  for  tha  dacialon 
tima  taak.  Tha  parcantaga  arror  data  ara  similar  to  tha  data  from  tha  45-aac 
window  task.  Tha  dacision  tima  data  also  indlcata  that  avan  though  tha  pilots 
obsarvad  tha  display  for  2  or  3  tlmaa  longar  than  tha  16  sac  allowed  in  tha 
window  task,  thalr  arror  ratas  wars  vary  similar  to  those  for  tha  45-aac 
window  task.  Tha  display  with  straight  vectors  (HS-HS)  on  the  straight 
encounters  resulted  in  decision  times  that  were  8  sac  shorter  on  tha  average. 


TABLE  4 


PERCENTAGE  ERROR  PLUS  AND  MINUS  ONE  STANDARD  ERROR  FOR  THE  DECISION  TIME  TASK. 
THE  NUMBERS  IN  THE  PARENTHESI8  INDICATE  THE  MEAN  RESPONSE  TIME.  THE  DATA 
IN  EACH  CELL  ARE  THE  AVERAGES  FOR  FOUR  PILOTS,  12  ENCOUNTERS,  AND  TWO 

REPLICATIONS 


Display  Conditions 

Encounter  Typas 

History 

Predictor 

Coda 

Straight 

Curved 

Nona 

Nona 

NN-NN 

17  12  (40  ±ls) 

26  15  (42  11s) 

History 

Nona 

HN-HN 

18  15  (39  ±ls) 

25  15  (42  12s) 

Nona 

Straight 

NS-NS 

2  11  (32  12s) 

21  14  (37  12s) 

History 

Straight 

HS-HS 

7  13  (31  11s) 

24  15  (38  lls) 

An  analysis  of  variance  (ANOVA)  of  tha  error  rata  on  tha  window  tasks 
indicated  a  significant  difference  bstwaan  type  of  display  (F(3,9)  ■  4.06, 
p  <  0.05).  No  significant  difference  was  found  for  days,  windows,  or  any 
interactions.  Analysis  of  tha  decision  time  data  indicated  a  significant 
dlffaranca  among  displays  (F(3,9)  -  15.206,  p  <  0.001) j  other  main  effects  and 
interactions  were  found  to  bo  nonsignificant. 
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The  responses  Co  Che  debriefing  questionnaire  Indicated  Chat  all  four 
pilots  preferred  to  have  both  history  and  straight  predictor  (HS-HS) .  All 
four  also  thought  this  display  condition  was  easiest  and  fastest  to  interpret. 
Their  comments  Indicated  that  they  felt  that  the  history  and  straight  vector 
eyabols  made  the  task  easier.  One  pilot  commented  that  this  display  "did  not 
require  as  much  concentration."  The  condition  that  was  liked  the  least  and 
considered  the  most  difficult  to  Interpret  was  the  display  with  neither  history 
nor  predictor  (NN-NN) .  A  summary  of  the  remaining  questionnaire  items  that  are 
of  a  mors  general  nature  will  be  discussed  after  the  description  of  experi¬ 
ment  4. 

Based  on  the  following  considerations,  it  was  decided  to  use  the  window 
task  in  the  remaining  three  experiments i  (1)  percentage  error  performance 
was  only  slightly  better  on  the  decision  time  task  than  on  the  45-sec  window 
task  even  Chough  the  pilots  had  more  time  to  look  at  the  displays  (2)  the 
window  task  has  only  a  single  dependant  measure  which  avelda  the  problems  of 
tasks  that  have  a  speed-accuracy  trade-offs  and  (3)  the  window  tank  took  less 
.  time  to  run.  The  60-see  time  window  was  chosen  in  order  to  provide  a  task 
with  an  error  rate  close  to  25X. 


EXPERIMENT  2 


The  objective  of  experiment  2  was  to  determine  a  miss  distance  that  would 
best  discriminate  among  the  display  conditions. 


Independent  Variables 


The  three  displays  tested  were  NS-NS,  HN-HN,  and  HS-HS.  The  one  display 
from  experiment  1  that  was  not  tested  was  NN-NN  which  had  neither  predictor 
nor  history.  The  miss  distances  were  3,000,  6,000  and  9,000  ft. 


Experimental  Desia 


Eight  pilots  ware  tested,  two  per  day  for  4  days.  The  order  of  the  nine 
display /miss-distance  conditions  was  randomised  for  each  pilot  pair.  On 
all  trials  the  Intruder  appeared  at  60  sec  and  disappeared  at  44  sec  to 
encounter.  Errors  ware  averaged  over  the  12  straight  and  12  curved  encounter 
types.  These  data  were  analysed  in  a  2-encounter-types  x  3-displays  x 
3-distances  v  8-pilots  AN0VA  for  a  randomised  block,  repeated  measures  design. 


Results 

Table  5  shows  the  percentage  error  data  for  each  display  and  miss 
distance  for  both  streight  and  curved  encounters.  The  results  of  experiment  2 
were  generally  consistent  with  those  of  experiment  1.  With  a  3,000-ft  miss 
distance,  numerous  errors  were  mads  with  all  displays  on  both  straight  end 
curved  encounters.  Errors  decreased  with  Increasing  miss  distance,  with  the 
lergest  drop  occurring  between  3,000  and  6,000  ft.  Straight  encounters  had 
fewer  errors  than  curved  encounters.  The  straight  predictor  was  only  a  help 
on  the  straight  encounters. 


TABLE  5 


PERCENTAGE  ERROR  PLUS  AND  MINUS  ONE  STANDARD  ERROR  FOR  THE  WINDOW 
TASK  FOR  THREE  DISPLAYS  WITH  STRAIGHT  AND  CURVED  ENCOUNTERS. 

THE  MISS  DISTANCES  ARE  3,000,  6,000  and  9,000  FT.  THE  DATA 
IN  EACH  CELL  ARE  THE  AVERAGES  FOR  EIGHT  PILOTS  AND 
12  ENCOUNTERS 


Display  Conditions 

Encounter  Types 

Straight 

Curved 

History 

Predictor 

Cods 

3,000 

6,000 

9,000 

BBSa 

6,000 

9,000 

ft 

ft 

ft 

KM 

ft 

ft 

History 

None 

HN-HN 

ETV9 

13  15 

36  14 

20  14 

24  14 

None 

Straight 

NS-NS 

Eja 

fefwt] 

3  ±2 

43  ±2 

30  IS 

17  14 

History 

Straight 

HS-HS 

Era 

5  ±2 

39  13 

25  14 

17  13 

The  ANOVA  indicated  a  significant  diffaranca  between  atcalght  and  curved 
encounters  (F(l,7)  ■  27.08,  p  <  0.01)  and  batwaan  alia  diatanoaa 
(F(2 ,14)  ■  68.16,  p  <  0.001).  With  Cha  varlanea  aasociatad  with  miaa 
diatanoa  eliminated  from  tha  varlanea  aaaoclatad  with  display,  no  significant 
diffaranca  was  found  for  display  typas  (p  <  0.1).  Howavar,  tha  lntaraotlon 
batwaan  ancountar  typa  and  display  typa  was  significant  (F(2,14),  p  <  0.025). 
All  othar  lntaractlons  ware  nonsignificant. 

All  sight  pilots  prafarrad  tha  display  condition  showing  both  history  and 
straight  predictor  (HS-HS) .  Four  pilots  rated  tha  history-only  (HN-HN) 
display  as  tha  least  llkad.  Tha  history  and  straight  predictor  display  was 
considarad  aaalaat  to  interpret  by  seven  pilots.  One  pilot  conmantad  that  tha 
history  and  straight  predictor  display  mads  it  possible  bo  "see  a  trend 
develop."  Six  pilots  thought  tha  history  and  straight  predictor  display  was 
tha  fastest  to  interpret  and  three  pilots  indicated  that  tha  display  with  only 
history  took  tha  most  time. 


EXPERIMENT  3 


Tha  objective  of  axparlmant  3  was  to  investigate  tha  effect  of  two  addi¬ 
tional  predictive  elements  on  pilot  error  rata,  especially  for  those 
encounters  involving  curved  trajectories. 

Independent  Variables 

Three  typas  of  predictors  ware  tasted i  straight  (HS-HS),  curved  (HC-HC), 
and  rsletiva  (HN-HR).  Condition  (HS-HS)  has  been  described  previously.  The 
curved  vector  (HC-HC)  was  ground  rafarancad  and  curved  proportional  to  turn 
rate.  It  predicted  where  tha  aircraft  would  be  in  32  sac  if  it  maintained 
its  current  turn  rate.  In  tha  curved  encounters  used  in  these  experiments, 
this  predictor  always  predicted  correctly.  However,  it  would  be  in  error  if 
the  aircraft  turn  rate  varied  during  the  prediction  interval,  for  example, 
when  an  aircraft  rolls  out  of  a  turn. 


659 


The  other  new  display  (UN-HR)  indicated  eh*  position  of  the  Intruder 
aircraft  in  32  aac  ralativa  to  own-ship  aaautning  that  both  aircraft  main¬ 
tained  their  currant  track  angles.  Mathematically,  the  vector  is  derived  by 
subtracting  own-ship's  straight  ground-referenced  vector  from  the  intruder's 
straight  ground-rafaranced  vector.  The  resulting  vector  is  displayed  on  the 
intruder  symbol  (see  fig.  Id) ..If  neither  aircraft  is  turning,  the  relative 
vector  indicates  the  direction  of  the  intruder  across  the  GDTI.  If  the 
extrapolation  of  tikis  vector  lie*  on  own-ship,  the  intruder  is  on  a  collision 
course  with  own-ship.  If  the  extrapolation  of  the  vector  lies  in  front  (In 
back)  of  own-ship,  the  intruder  will  pass  in  front  (in  back)  of  own-ship.  The 
interpretation  of  this  display  symbol  la  not  as  simple  if  either  aircraft  is 
turning.  This  symbol  has  bean  proposed  for  some  collision  avoidance  displays 
(ref.  4).  All  displays  Included  the  ground-referenced  history.  Miss  distances 
were  3,000  and  6,000  ft. 

Experiment  Dwsign 

Tour  pilots  vevS  tested,,  two  per  day  for  two  days.  The  order  of  the  six 
display /miss-distance  conditions  was  randomised  for  each  pilot  pair.  Errors 
war*  averaged  over  the  12  straight  and  12  curved  encounter  type*.  These  data 
were  analysed  in  u  2-*ncount*r-typ*s  x  3-displays  x  2 -miss-distances  x  4  pilots 
ANOVA  with  randomised  blocks  and  rapaatad  measures.  The  curved  encounter  data 
ware  further  analysed  in  three  categories  with  four  encounters  aaehs  only 
own-ship  turning,  only  Intruder  turning,  and  both  turning. 

Results 

As  can  be  seen  in  table  6,  fewer  errors  were  mad*  on  all  displays  on  the 
straight  encounters.  The  use  of  the  relative  predictor  on  straight  encounters 
resulted  in  an  error  rat*  that  was  comparable  to  the  error  rates  on  both  the 
straight  and  curved  ground  referenced  predictor.  The  error  ret*  on  the  curved 
encounters  with  curved  predictors  was  much  lass  (6X  and  81)  than  that  for 
straight  or  relative  predictors  (about  33%) . 

ANOVA  Indicated  a  significant  difference  between  encounter  types 
(F (1 , 3)  -  115.12,  p  <  0.01)  and  display  type  (F(2,3)  -  14.57,  p  <  0.01).  No 
significant  difference  was  found  for  miss  distance  (p  >  0.25).  Interaction 
between  encounter  and  display  type  was  significant  (F(2,6)  -  13.83,  p  <  0.01). 
All  other  interactions  were  nonsignificant. 

TABLE  6 

PERCENTAGE  ERROR  PLUS  AND  MINUS  ONE  STANDARD  ERROR  FOR  THE  WINDOW  TASK  FOR 

THE  THREE  DISPLAYS  AND  STRAIGHT  AND  CURVED  ENCOUNTERS.  THE  MISS 

DISTANCES  ARE  3,000  AND  6,000  FT.  THE  DATA  IN  EACH  CELL  ARE  THE 
AVERAGES  FOR  FOUR  PILOTS  AND  12  ENCOUNTERS 


Display  Conditions 

Encounter  types 

Predictor 

Code 

Straight 

Curved 

Own-ship 

Othership 

3,000  ft 

6,000  ft 

3,000  ft 

6,000  ft 

Straight 

Straight 

HB-HS 

S  ±7 

0  ±0 

33  14 

29  14 

None 

Relative 

HN-HR 

6  14 

2  12 

33  15 

37  13 

Curved 

Curved 

HC-HC 

4  ±2 

4  12 

6  14 

8  15 

- -  hi  conauccM  on  the  three  typos  of  sncountsrsi  own- 

ship  turning,  intrudsr  turning,  snd  both  turning.  Thsss  dsts  arc  shown  in 
tsble  7.  In  all  instances,  displays  using  curvad  pradictors  rasultad  in  tha 
lowest  arror  ratos  (9%,  OX,  and  12X).  Tha  highest  error  rata  for  all  displays 
was  for  the  case  in  which  both  aircraft  ware  turning  (462,  501,  and  121). 
Analysis  of  variance  of  the  curved  encounters  Indicated  a  significant  differ¬ 
ence  between  encounter  types  (F(2,6)  -  7.0,  p  <  0.05)  and  display  typas 
(F(2, 6)  ■  27.22,  p<  0.001). 


TABLE  7 


PERCENTAGE  ERROR  PLUS  AND  MINUS  ONE  STANDARD  ERROR  FOR  THREE  DIFFERENT 
TYPES  OF  CURVED  ENCOUNTERS  s  OWN-SHIP  TURNING,  INTRUDER  TURNING  AND 
BOTH  TURNING.  THE  DATA  ARE  AVERAGED  OVER  THE  TWO  MISS  DISTANCES 


Display  Conditions 

Type  Aircraft  Turning 

Predictor 

Coda 

Own-ship 

Othership 

Own-ship 

Intruder 

Both 

Straight 

Straight 

HS-HS 

37  14 

9  15 

46  19 

None 

Relative 

HN-HR 

31  ill 

25  14 

50  14 

Curved 

Curvad 

HC-HC 

9  13 

0  10 

12  14 

For  this  experiment,  all  four  pilots  preferred  the  curvad  predictor. 
Suggested  improvements  for  the  curvad  predictor  were  to  fleeh  the  symbol  of 
the  intruder  that  was  a  threat  and  to  allow  the  pilot  to  control  tha  length 
of  the  predictor.  Tha  curved  predictor  was  considered  to  be  the  easiest  to 
interpret.  On  curvad  encounters,  the  relative  predictor  was  considered  the 
moat  difficult  symbol  to  interpret. 


EXPERIMENT  A 


The  objective  of .  experiment  A  was  to  investigate  the  usefulness  of  a 
CDT1  in  which  own-ship  had  a  curved  predictor  end  the  intruder  had  tha  simpler 
straight  predictor. 

Independent  Variables 

A  practical  problem  associated  with  the  display  of  curved  predictors  is 
the  need  for  turn-rate  information  on  other  aircraft.  In  an  actual  system, 
turn  rate  could  bei  (1)  predicted  based  on  the  past  positions  of  each  air¬ 
craft;  or  (2)  data  linked  from  each  aircraft  to  the  ground  from  the  ground  to 
each  CDTI-equipped  aircraft.  Method  (1)  can  be  done  on  board  the  CDTI- 
equlpped  aircraft  but  it  introduces  prediction  errors  and  time  delays. 

Method  (2)  Is  inherently  more  accurate  but  requires  all  aircraft  to  down  link 
additional  information  —  an  expensive  solution. 

The  three  display  conditions  wsret  (1)  straight  predictors  on  both  air¬ 
craft  (H8-HS) ]  (2)  curvad  predictors  on  both  aircraft  (HC-HC) ;  and  (3)  a 
curved  predictor  on  own-ship  and  a  straight  predictor  on  the  Intruder  (HC-H9) • 
All  display  had  32  sec  of  ground-ref ersncsd  history.  Miss  distances  of 
3,000  and  6,000  ft  were  uaed. 
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Experimental  Design 


Eight  pilots  were  tested,  two  per  day  for  4  days.  The  order  of  the  six 
diaplay/mias-distance  conditions  was  randomized  lor  each  pilot  pair.  Error 
rate  for  each  display  was  totaled  across  the  two  types  of  encounter  and  the 
two  miss  distances.  These  data  vara  initially  analysed  in  a  2-encounter-type 
x  3-dieplaya  x  8 -pilots  ANOVA  with  randomised  blocks  and  repeated  measures, 
The  curved  encounters  were  further  analysed  by  category  In  the  same  manner  as 
in  experiment  3  in  a  3  «  3  «  8  ANOVA. 

Results 


Table  8  shows  that  there  was  again  leas  error  with  the  straight  ancountars. 
For  curved  encounters,  curved  predictors  on  both  aircraft  (HC-HC)  yielded  the 
beat  performance.  The  analysis  of  variance  showed  a  significant  difference 
between  the  straight  and  curved  encounters  <7(1,7)  ■  73,  p  <  0,001),  display 
type  (7(2,14)  ■  27.41,  p  <  0.001),  end  the  interaction  between  them 
(7(2,14)  •  21.40,  p  <  0.001). 


TABLE  8 

PERCENTAGE  ERROR  PLUS  AND  MINUS  ONE  STANDARD  ERROR  70R  EXPERIMENT  4  FOR 
THREE  DISPLAYS  WITH  STRAIGHT  AND  CURVED  ENCOUNTERS.  THE  MISS 
DISTANCES  WERE  3,000  AND  6,000  7T.  THE  DATA  IN  EACH  CELL  IS 
THE  AVERAGE  OF  8  PILOTS  AND  12  ENCOUNTERS 


Display  Conditions 

Encounter  Types 

History 

Predictor 

Code 

Straight 

Curved 

3,000 

6,000 

KE9 

6,000 

Straight 

Straight 

HS-HS 

19  14 

6  13 

45  13 

23  13 

Curved 

Straight 

HC-HS 

13  16 

4  12 

34  14 

22  13 

Curved 

Curved 

HC-HC 

17  13 

4  12 

13  13 

6  12 

As  waa  dona  previously,  the  three  types  of  curved  encounters  were  further 
analysed.  These  data  are  shown  in  table  9.  The  average  error  rate  for  each 
display  (HS-HS,  HOHC  and  HC-HS)  on  the  curved  encounters  were  34X,  28X,  and 
9%,  respectively,  averaged  across  miss  distances.  An  analysis  of  variance 

TABLE  9 

PERCENTAGE  ERROR  PLUS  AND  MINUS  ONE  STANDARD  ERROR  FOR  THE  THREE  DIFFERENT 
TYPES  OF  CURVED  ENCOUNTERS  IN  EXPERIMENT  4.  THE  MISS  DISTANCES  ARE 
3,000  AND  6,000  FT.  THE  DATA  IN  EACH  CELL  ARE  THE  AVERAGE  ERRORS 
FOR  8  PILOTS  AND  FOUR  ENCOUNTERS 


Display  Conditions 

Ty 

pe  Aircraft  Turning 

History 

Predictor 

Code 

Own- ship 

Intruder 

Both 

3,000 

6,000 

3,000 

6,000 

3,000 

6,000 

Straight 

Straight 

HS-HS 

44  12 

28  15 

38  10 

13  18 

59  18 

38  14 

Curved 

Straight 

HC-HS 

19  17 

3  13 

38  10 

16  13 

30  ±4 

30  10 

Curved 

Curved 

HC-HC 

13  10 

13  14 

13  14 

3  13 

16  13 

6  13 
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indicated  a  significant  difference  between  encounter  typee  (7(2,14)  ■  28.38, 
p  <  0.001),  display  conditions  (7(2,14)  *  37.06,  p  <  0.001),  and  the  Inter¬ 
action  between  them  (7(4,28)  *  7.22,  p  <  0.001). 

Three  post  hoc  comparisons  were  conducted  on  type  of  curved  encounter 
over  each  level  of  the  display  variable.  Results  indicated  that  there  was 
a  nonsignificant  difference  in  error  rate  for  type  of  enoounter  when  both 
intruder  and  own-ship  had  curved  predictors.  When  only  own-ship  had  the 
curved  predictor,  there  was  a  significant  difference  in  error  rata  between  the 
three  types  of  encounter  (7(2,14)  “  21.9,  p  <  0.001),  with  straight  vectors  on 
a  turning  encounter  resulting  in  the  poorer  performance.  A  comparison  of 
encounters  whan  neither  aircraft  had  a  curved  predictor  indicated  a  significant 
difference  in  error  rate  (7(2,4)  -  7.08,  p  <  0  001)  indicating  that  the 
encounters  in  which  own-ship  was  turning  were  the  most  difficult  to  perceive 
correctly. 

The  display  with  curved  predictors  on  both  aircraft  was  preferred  by  six 
of  the  eight  pilots.  This  display  was  considered  to  be  the  easiest  and  fastest 
to  interpret  by  more  than  half  of  the  pilots.  The  display  with  straight  pre¬ 
dictors  on  both  aircraft  was  liked  least  by  five  pilots. 


QUESTIONNAIRE  SUMMARY  -  EXPERIMENTS  1  TO  4 


Ninety-two  percent  of  the  pilots  thought  a  CDTI  would  be  of  value  in  their 
aircraft.  Many  pilots  suggested  that  the  display  would  be  of  most  value  in 
congested  terminal  areas.  Although  70%  of  the  pilots  thought  workload  would  be 
increased,  63%  still  fslt  the  display  would  be  necessary)  91%  felt  a  CDTI 
would  improve  safety. 

Of  tho  suggestions  offered  for  improving  the  display  the  most  common 
response  (40%)  was  curved  predictors.  Seventy-eight  percent  of  the  subjects 
preferred  the  CDTI  located  in  comb ice t ion  with  the  weather  radar  display 
rather  than  as  a  replacement  for  the  HSI. 

The  pilots  were  asked  to  indicate  what  additional  information  they  would 
like  available.  The  most  common  requests  were  for  the  ability  to  change  map 
scale  and  to  read  the  altitude,  heading,  and  speed  of  other  alroraft.  Weather 
information  and  terrain  symbols  wars  also  frequantly  chosen.  The  pilots 
indicated  that  they  desired  altitude,  heading,  and  spaad  of  their  own  and 
other  aircraft  to  be  displayed  continuously. 

Thirty-eight  percent  of  the  pilots  wanted  collision  avoidance  inetruc- 
tions  such  as  "TURN  RIGHT"  or  "CLIMB."  On  the  question  of  announcing 
with  audio  alert  of  the  prssanca  of  an  intruder  aircraft,  50%  wanted  an  alert 
and  50%  did  not. 

71fty-aight  percent  thought  1-sec  updates  of  traffic  information  would 
be  batter  than  the  4-sec  updates  used  in  these  experiments.  Twenty-one  per¬ 
cent  of  the  pilots  preferred  the  4-sec  updates  and  one  pilot  felt  that  8-sac 
updates  would  be  adequate. 

The  pilots  were  asked  to  rate  the  experiment  itself  in  a  number  of  areas. 
Ninety-one  percent  thought  tho  instructions  were  clear.  The  presence  of 


663 


rtw^pw 


another  pilot  in  the  cockpit  was  not  considered  to  be  a  distraction.  Seventy- 
nine  percent  of  the  pilots  felt  the  feedback  after  each  trial  was  helpful  in 
improving  their  performance. 


CONCLUDING  REMARKS 


A  series  of  experiments  was  designed  to  evaluate  candidate  CDII  symbols 
in  a  dynamic  but  controlled  environment.  The  following  general  observations 
are  based  on  the  objective  and  subjective  data  from  the  first  four  experi¬ 
ments  in  the  series  and  our  experience  gained  in  conducting  them. 

1.  This  was  a  difficult  perceptual  task.  Numerous  errors  were  made  on 
all  display  end  task  conditions. 

2.  Curved  encounters  in  which  one  or  both  aircraft  was  turning  were 
much  more  difficult  than  straight  encountsrs. 

3.  Predictive  information  was  more  useful  than  historical  Information. 

4.  Both  ground-referenced  and  own-ship-ref erenced  straight  predictors 
reduced  errors  on  straight  encounters. 

5.  Both  ground-referenced  and  own-ship-ref erenced  straight  predictors 
were  difficult  to  use  during  curved  encounters. 

6.  The  turn  rate  Information  provided  by  the  curved  predictors  reduced 
errors  on  curved  encounters. 

7.  The  bast  results  were  obtained  when  both  aircraft  had  curved  pre¬ 
dictors. 

It  is  important  that  any  conclusion  the  reader  may  draw  from  thaes 
results  take  into  account  the  following  limitations  of  the  research  method: 
(1)  The  pilots  could  devote  their  uninterrupted  attention  to  the  task  for 
16  sec;  (2)  neither  aircraft  changed  its  speed  or  turn  rate  during  an 
encounter;  (3)  although  the  display  was  dynamic,  the  pilots  could  not  inter¬ 
act  with  the  display  to  ask  for  more  information  about  the  intruder  or  change 
the  map  scale;  (4)  pilots  could  not  take  over  manual  control  of  the  aircraft; 
and  (S)  the  passive  nature  of  the  task  and  the  lerge  number  of  trials 
resulted  in  a  task  that  quickly  became  routine.  The  first  two  items  should 
lead  to  fewer  errors  than  would  be  expected  in  a  real  aircraft.  The  last 
three  items  should  lead  to  more  errors  than  in  a  reel  aircraft.  It  is  felt, 
however,  that  the  relative  difference  between  the  displays  will  remain  the 
same  as  the  task  is  made  more  realistic. 
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ABSTRACT 

This  paper  describee  an  industrial  utilleiaa  model  which  has  bean  developed  to 
allow  laboratory  investigation  of  a  man-process  control  system.  It  also  summa¬ 
rises  a  project  being  dona  jointly  by  The  Foxboro  Company  and  Delft  University 
(in  the  Netherlands).  The  final  objective  la  to  determine  the  influence  of  high 
dimensionality  and  complexity  of  an  Industrial  process  on  the  operator's  perfor¬ 
mance.  For  the  study,  the  process  is  regarded  as  linear  and  time-invariant. 
Currently,  an  optimal  control  model  of  the  process  operator  has  been  hypothe¬ 
sised,  and  the  industrial  utilities  model  has  been  implemented. 

INTRODUCTION 

The  indue trial  utilities  model  described  lu  this  paper  will  be  used  for  research 
in  man-process  control.  The  following  introduction  provides  a  brief,  general 
background  of  the  initial  research  objectives. 

Most  industries  are  in  business  to  make  money.  But  operation  of  an  industrial 
process  is  often  constrained  by  government  regulations,  market  demands  and  physi¬ 
cal  realities.  This  usually  translates  to  the  question,  "how  can  I  make  a  qual¬ 
ity  product,  not  pollute  the  environment,  keep  my  equipment  running,  keep  my 
employees  productive  and  happy,  and  still  make  money,  all  at  the  same  time?11  In 
many  industries  the  answer  means  using  more  complex  processes  and  process  con¬ 
trols.  This  results  in  increased  responsibility  for  the  process  operator, 
requiring  him  to  monitor  a  larger,  more  remote  process t  some  processes  have  more 
than  four  hundred  control  loops  and  over  a  thousand  possible  alarms.  Providing 
the  process  operator  with  a  means  of  reliably  monitoring  and  controlling  these 
loops  and  alarms  la  a  major  goal  of  any  process  control  company,  Consequently, 
considerable  effort  la  being  spent  to  learn  what  the  operator  does  and  how  ha 
does  It.  One  step  toward  understanding  process  operation  will  be  made  by  model¬ 
ling  the  proceaa  operator. 


Useful  modal*  have  been  developed  tor  describing  Che  men  in  a  man-vehicle  system. 
McRuar  and  Baron,  among  others,  have  devised  pilot  models  for  use  in  flight 
research  (references  1,2,3).  Typically,  the  pilot  is  modelled  as  e  control  ele¬ 
ment  in  a  closed-loop  system.  Such  a  system,  modified  to  fit  the  man-process 
situation,  is  shown  in  figure  1.  The  man  (operator)  observes  the  process  via  a 
display  and  takes  control  action  as  needed. 

Unfortunately,  the  model  tihown  in  figure  1  is  inadequate  for  proceas  control. 

As  shown  in  figure  2  and  further  described  by  Beaverstoek  in  reference  4, 
the  proceas  operator  is  really  a  supervisor ;  he  must  learn  the  process,  monitor 
its  behavior,  take  appropriate  control  actions,  help  define  standard  operating 
procedures  and  plan  fueure  control  strategies.  There  are  several  reasons  for 
this.  Industrial  processes  have  time  constants  ranging  from  minutes  to  days, 
much  slower  dynamics  than  aircraft;  such  alow  dynamics  force  the  operator  into  a 
supervisory  role  in  which  control  actions  are  interspersed  with  long  periods  of 
observation,  reflection  and  boredom.  Industrial  processes  tend  to  have  large 
numbers  of  control  loops  compared  with  an  aircraft;  the  process  operator  must 
decide  how  to  divide  hie  time  among  these  loupe.  Furthermore,  operator  observa- 
\  tions  of  the  process  are  primarily  through  remote  senaors  connected  to  instru¬ 
ments  on  the  panel,  with  no  direct  sensations  such  as  motion  or  an  out-the-vindow 
view;  the  operator  must  look  at  the  instruments,  decide  what  the  signals  mean, 
and  then  take  action.  Figure  3  thus  indicates  that  tha  procsss  operator  Is  more 
than  the  simple  control  element  shown  in  figure  li  hii  is  also  a  decision  maker. 

Soma  of  the  Inadequacies  of  the  operator  model  shown  in  figure  1  have  bsen  ad¬ 
dressed  by  recent  research.  Oovlndaraj  and  Kok,  among  others,  have  modified  pilot 
models  to  make  them  more  applicable  to  process  control  (references  3,6,7).  The 
work  of  Kok  begins  with  the  BBN  (Bolt,  Bsranek  and  Newman)  optimal  pilot  model 
(references  2  and  3,  and  figure  4),  The  BBN  model  is  a  sophisticated  version  of 
the  situation  shown  in  figure  1.  Tha  model  shows  tha  man  as  a  control  element  in 
a  control  loop.  It  also  Includes  disturbances  internal  to  the  man  (motor  noise 
and  observation  noise),  an  Internal  processing  time  delay,  a  predictor /Kalman  fil¬ 
ter  to  estimate  the  system  state,  an  optimum  control  law  to  determine  control  in¬ 
put  a  ,  and  neuromuscular  dynamics.  Kok  further  builds  on  this  model  to  adapt  it 
for  process  control  (reference  6).  As  shown  in  figure  3,  ha  includes  both  an  in¬ 
ternal  model  of  the  system  dynamics  and  an  internal  modal  of  the  display  as  part 
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of  tha  process  operator,  now  called  an  observer/controller.  Not*  that  figura  5 
tacitly  aasuaaa  a  atata  estimator,  functionally  alnilar  to  the  BBN  predictor/ 
Kalman  filter.  One  concern  with  the  model  shown  in  figure  5  (and  reference  6) 
is  that  the  operator's  internal  modal  of  the  process  la  not  completely  defined. 

Working  with  The  Foxboro  Company,  Delft  University  has  undertaken  a  study  to 
determine  ths  Influence  of  high  dimensionality  and  complexity  of  an  induatrlal 
process  on  the  operator's  internsl  model  of  the  process.  The  study  by  Delft 
will  be  based  on  laboratory  experimentation  and  the  work  of  Kok.  Operators  will 
control  a  simulated  industrial  process  under  controlled  conditions  to  provide 
the  data  neadad  for  analysis.  Tha  Indus trill  process  simulation  has  been  devel¬ 
oped  by  Tha  Foxboro  Company  and  la  the  primary  subject  of  this  paper. 

THE  FR0CE8S  MODEL 

A  brief  summary  of  an  industrial  utilities  process  la  shown  in  figure  6.  The 
process  has  threa  major  subsystems t  boilers,  turbines,  and  compressors.  Tha 
four  boilers  use  fuel  to  produce  high  pressure  steam.  Tha  three  turbines  use  the 
high  pressure  steam  to  produce  electricity,  and  exhaust  intermediate  pressure 
steam  and  low  pressure  steam  for  use  in  tha  plant.  The  four  air  compressors  use 
intermediate  pressure  steam  to  produce  compressed  air,  and  also  exhaust  low  pros- 
sura  steam  for  use  in  tha  plant. 

Figura  7  shows  the  interconnections  of  ths  bollsrs,  turbines  and  air  compressors. 
Even  on  this  simplified  diagram  there  are  sixteen  operator  Inputs  and  four  pro¬ 
cess  outputs.  Although  each  control  loop  Is  very  sluggish  compared  to  man- 
vehicle  ayetama,  the  number  of  control  loops  Is  sufficient  to  keep  tha  operator 
busy. 

Each  of  the  four  boilers  shown  in  figure  7  can  be  turned  on  or  off  by  the  procese 
operator.  Tha  operator  also  decides  which  of  tha  boilers  to  use  as  the  "awing 
boiler"  (the  swing  boiler  is  used  to  adept  to  small  changes  in  high  pressure  steam 
demand).  Figure  8  shows  the  boiler  model  in  more  detail.  Tha  swing  boiler  uses  a 
FID  (Proportional-Integral-Darlvatlva)  controller  to  maintain  a  const; ant  pressure 
(830  pel)  on  the  high  pressure  steam  header.  There  are  four  settings  on  a  FID 
controller  under  operator  control,  of  which  only  the  set  point  la  shown  in  figure 
8 i  the  other  three  settings  are  the  gains  on  the  proportional,  Integral  and 
derivative  controls.  The  time  constants  for  the  boilers  are  of  the  order  of  300 
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seconds,  and  Cher*  is  an  integrator  in  the  loop  to  model  the  change  from  steam 
flow  to  steam  pressure  at  the  high  pressure  header. 


This  is  a  very  simplified  boiler  model!  the  dynamics  are  simplified,  the  proc¬ 
ess  of  water  flow  to  the  boiler  has  bean  omitted,  and  eh*  dynamics  have  been 
linearised.  This  simplified  approach  has  been  taken  throughout  the  industrial 
utilities  model  to  facilitate  research  on  the  process  operator.  The  number  of 
controls,  eha  intaractions  between  the  various  utilities  components,  the  alarm 
system,  and  the  long  time  constants  are  the  aspects  of  the  process  of  interest 
to  the  Foxboro-Delft  study  of  the  process  operator  model. 

Not  obvious  from  the  figure  7  (for  reasons  of  clarity)  is  the  fact  that  each  of 
the  three  turbines  in  the  turbine  subsystem  is  used  in  a  different  way.  Conse¬ 
quently,  each  turbine  will  be  discussed  in  order. 

Turbine  1  (see  figure  9)  is  a  condensing  turbine:  it  uses  high  pressure  steam 
to  produce  electricity,  using  more  of  the  steam  energy  in  the  process  than  the 
other  turbines.  The  steam  output  from  the  turbine  is  below  the  pressure  of  the 
low  pressure  header  and  so  is  condensed  and  returned  to  the  prooess  as  water. 
Turbina  1  is  used  to  control  how  much  electricity  must  be  purchased.  The  other 
two  turbines  also  produce  electricity,  but  the  amount  of  electricity  they  pro¬ 
duce  varies  because  they  are  used  to  control  the  Intermediate  and  low  pressure 
steam  headers. 

Turbine  2  is  shown  in  figure  10.  It  le  a  back  pressure  turbine,  uelng  high 
pressure  steam  whlcfy  goes  to  the  low  pressure  stesm  header  upon  exit  from  the 
turbine.  In  addition,  a  portion  of  the  steam  flow  is  extracted  from  the  middle 
of  turbine  2  to  feed  the  intermediate  pressure  (300  pel)  steam  header.  The 
amount  of  steam  flow  extracted  for  the  intermediate  header  is  determined  by  a 
PID  controller  setting  the  constant,  K,  as  shown  in  figure  10.  K  ranges  from  0 
to  1.  As  K  increases,  more  staem  goes  to  the  intermediate  pressure  header,  less 
steam  goes  to  the  low  pressure  header,  and  less  electricity  is  generated.  The 
Intermediate  pressure  header  is  represented  as  an  integrator, 

Turbine  3  is  the  same  as  turbine  2,  except  that  it  is  used  to  regulate  the  low 
pressure  (40  pel)  steam  header.  As  shown  in  figure  11,  the  PID  controller  is 
reverae-nctlng.  In  other  words,  a  portion,  K,  of  the  steam  flow  is  extracted 


for  tht  intermediate  header;  if  more  ataam  la  needed  for  che  low  preaaure  header, 
then  K  Is  decreased.  As  for  turbine  2,  K  range*  from  0  to  1.  The  low  pressure 
header  is  represented  as  an  Integrator. 

Examination  of  figures  10  and  11  shows  that  turbines  T2  and  T3  tend  to  work 
against  each  other,  T2  Is  used  to  regulate  the  intermediate  pressure  header  and 
T3  is  used  to  regulate  the  low  pressure  header.  If  T2  has  more  steam  extracted 
for  the  intermediate  pressure  header  (increased  K  In  figure  10),  then  less  steam 
goes  to  the  low  pressure  header.  If  T3  is  used  to  provide  mere  steam  to  the  low 
pressure  header,  then  less  steam  is  extraeted  for  the  intermediate  pressure 
header  (decreased  K  in  figure  11).  An  unstable’ situation  la  avoided  by  deliber¬ 
ately  detuning  the  low  pressure  control  system,  thus  allowing  the  intermediate 
pressure  control  system  to  predominate  during  transients. 

The  four  air  compressors  are  shown  in  figure  12.  They  are  driven  by  intermediate 
pressure  steam  and  exhaust  to  the  low  pressure  header.  Each  compressor  can  be 
turned  on  or  off  by  the  process  operator  as  needed  to  meet  compressed  air  demand. 
The  compressors  are  controlled  by  a  MOCS  (Multiple  Output  Control  System) ,  which 
essentially  sets  the  combined  compressor  output  to  meat  total  demand  and  also 
equalises  the  output  of  each  compressor.  The  operator  may  directly  control  one 
or  more  of  the  compressors  by  placing  them  in  manual  mode.  The  air  header  is 
represented  by  an  integrator, 

The  operator  must  maintain  safe  operating  conditions.  To  help  him,  there  are 
several  automatle  alarms  as  summarised  in  table  1.  In  ease  steam  pressures  get 
out  of  belence,  there  are  manually  set  letdown  valves  from  the  high  pressure 
header  to  the  intermediate  pressure  header,  and  from  the  intermediate  pressure 
header  to  the  low  pressure  header,  as  well  as  a  vent  from  the  low  pressure  header 
to  the  atmosphere. 

The  operetor  must  not  only  run  the  plant  safely,  he  must  also  run  it  efficiently. 
Specif lcelly,  the  cost  of  running  the  plant  is  a  function  of  the  fuel  burned,  the 
purchased  power,  and  the  steam  vented  to  atmosphere.  In  addition,  there  le  a 
coat  penalty  for  not  remaining  within  acceptable  tolerances  for  the  three  steam 
pressures,  and  the  air  prsssure.  For  tho  purchased  power,  a  contract  exists)  if 
too  little  power  is  used,  the  entire  contracted  amount  must  still  be  paid  fort  if 
too  much  power  is  used,  the  extra  pover  costs  twice  as  much  as  the  contracted 


power;  and  a  aurcharga  la  paid  baaad  on  eha  highest  peak  power  during  the  year. 


The  operator  of  the  induatrlal  utilities  modal  has  a  large  number  of  controllable 
parameters  which  are  listed  in  table  2.  In  monitoring  and  controlling  the  plant, 
ha  must  observe  the  process  and  alarms,  decide  what  to  do,  and  then  use  one  of 
the  controllable  parameters  to  drive  the  proeasa  in  the  desired  direction.  The 
operator's  task  will  be  complicated  by  varying  plant  demand  for  electric  power, 
intermediate  pressure  steam,  low  pressure  steam  and  compressed  air. 

From  an  energy  point  of  view,  there  ere  two  Inputs  to  the  system  and  four  out¬ 
puts.  The  inputs  are  fuel  and  purchased  electricity;  the  outputs  are  inter¬ 
mediate  pressure  steam,  low  pressure  steam,  electricity  and  compressed  air. 

This  is,  indeed,  an  energy  conversion  system.  Current  technology  offers  sophis¬ 
ticated  energy  conservation  schemes  (see  Shlnskey,  reference  8),  but  these  are 
well  beyond  the  scope  of  the  simplified  model  being  described. 

In  conclusion,  and  with  reference  to  figure  7,  the  operator's  task  is  tot 

-  maintain  safe  operating  conditions 

-  provide  a  steady  supply  of  high  pressure  steam  to  the  utilities  process 

-  provide  a  steady  supply  of  intermediate  steam  to  the  plant  and  the  util¬ 
ities  process 

-  provide  a  steady  supply  of  low  pressure  steam  to  the  plant 

-  provide  electric  power  to  the  plant 

-  operate  the  utilities  process  efficiently 


3UMMAS1 

An  industrial  utilities  model  has  been  developed  for  use  In  laboratory  experi¬ 
ments  involving  msn-procsss  control  systems.  It  Is  sufficiently  resllstlc  and 
complex  to  pose  a  challenge  to  ths  operator,  yet  simple  enough  to  bs  implemented 
on  a  minicomputer.  The  model  will  bs  used  by  Delft  University  to  study  the 
effects  of  high  dimensionality  and  complexity  of  an  industrial  process  on  the 
operator's  Internal  model  of  the  process, 
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TABLE  1 

UTILITIES  PROCESS  ALARMS 


Meaaura  mant 

1.  High  praaaura  acaam  haadar  praaaura 

2.  Intermediate  praaaura  acaam  haadar  praaaura 


3. 

Low  praaaura  ataaa  haadar 

praaaura 

4. 

Purchaaed  povar 

5. 

Fual  Co  hollar  1 

6. 

Fual  Co  hollar  2 

7. 

Fual  co  hollar  3 

8. 

Fual  Co  hollar  4 

9. 

Scaaa  co  eurblna  1 

10. 

Seaam  Co  Curbina  2 

11. 

Extraction  from  turhlna  2 

(intarmadlata  praaaura  ataam) 

12. 

Extraction  from  Curbina  2 

('  jtr  praaaura  a 

taam) 

13. 

Seaam  Co  eurblna  3 

14. 

Extraction  from  Curbina  3 

(Intarmadlata  p 

ataam) 

13. 

Extraction  from  eurblna  3 

(low  praaaura  ataam) 

16. 

Staam  to  compraaaor  l 

17. 

Air  from  compraaaor  1 

18. 

Staam  to  compraaaov  2 

19. 

Air  from  compraaer/r  2 

20. 

Staam  eo  compraaaor  3 

21. 

Air  from  compraaaor  3 

22. 

Staam  to  compraaaor  4 

23. 

Air  from  compraaaor  4 

24. 

Compraaaad  air  praaaura 

23. 

Vantad  acaam  flow 

26. 

Intarmadlata  praaaura  ataam  flow 

27. 

Low  praaaura  acaam  flow 

28. 

Electricity  to  plant 

673 


v  *■ 

_ y  | _ . . .  «.««■>-  •. —  •— *- —  -  • 


TABLE  2 

OPERATOR-CONTROLLABLE  PARAMETERS 


(The  firat  16  paramatara  ara  a hewn  on  figure  7.) 


1. 

Fual  eo  boilor  1 

2. 

Fual  to  boiler  2 

3. 

Fual  to  boiler  3 

4. 

Fual  eo  boiler  4 

5. 

High  to  intermediate  praaauro 

ataam  letdown 

6. 

Intermediate  to  low  praaaura  ataam  letdown. 

7. 

Low  praaaura  ataam  to  atmoaphara  vent 

8. 

Staaa  to  turbine  1 

9. 

Steam  to  turbina  2 

10. 

Steam  to  turbina  3 

11. 

Extraction  valve  from  turbina 

2 

12. 

Extraction  valva  from  turbina 

3 

13. 

Steam  to  air  compraaaor  1 

14. 

Steam  to  air  compraaaor  2 

13. 

Steam  eo  air  compraaaor  3 

16. 

Steam  to  air  compraaaor  4 

17. 

Choice  of  awing  boiler 

18.-21,  Paramatta ra  of  bellav  PID  controller  (includlnf  aac  point) 

22. -23.  Paramo ttara  of  tturblna  1  PID 

26.-29.  Paramattara  of  turbina  2  PID 

30.-33.  Paramatara  of  turbina  3  PID 

34.-37.  Paramator  of  air  compraaaor  M0C8 

38.-41.  On/off  avitchaa  for  air  eompraaaora 

42.  Autto/Manual  awlttch  for  air  compraaaor  M0C8 

43.  Manual  control  for  air  eompraaaora 
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SUMMARY:  AN  INDUSTRIAL  UTILITIES  MODEL  FOR  RESEARCH 
IN  MAN-PROCESS  CONTROL 


Four  boilars  » 

Input)  gas  fuol 

output:  high  praaaura  ataaa 


T1  T2 

T3 


Thraa  turblnaa  - 
input!  high  praaaura  ataaa 
outputs!  alaotrlolty 

intaraadiata  praaaura 
ataaa 

low  praaaura  ataaa 


Four  eoapraaaora  - 
input!  lntaraadiata  praaaura 
ataaa 

output ai  coapraasad  air 

low  praaaura  ataaa 


Flgura  6 


amcSsm! 


controller! 
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i  The  Design  end  Evaluation  of 

!  Complex  Syatema 

j 

Dennis  B.  Berlnger 

University  of  Illinois  at  Urbana-Champaign 
Champaign,  Illinolc  61820 

:  « 

ABSTRACT 

The  design  of  complex  man-machine  systems  envisioned  for  uae  in 
evolving  environments  requires  the  most  rigorous  application  of 
a  systematic  design  strategy  to  insure  the  best  possible  inter¬ 
face  between  system  and  environment.  Careful  analysis  of  oper¬ 
ational  requirements  and  component  capabilities  should  lead  to 
efficient  allocation  of  functions  and  a  theoretically  optimum 
synthesis  of  features.  Evaluation  of  the  new  configuration  in 
the  operational  environment,  however,  may  be  costly,  dangerous, 
or  altogether  impractical.  Thus  an  efficient  and  economical 
;  evaluation  strategy  is  needed  which  will  allow  system  perfor¬ 

mance  to  be  assessed  safely  and  economically  across  a  wide 
!  range  of  teak  and  environmental  variables.  Such  systematic 

design  and  evaluation  strategies  were  applied  to  an  advanced 
aircraft  navigation  system  using  simulation  techniques  to  pro- 
i  duce  the  tasting  environment.  Revised  navigation  computer/ 

|  pilot  interaction  techniques  (hardware  and  procedures)  produced 

;  shorter  training  times  and  better  inflight  task  execution  then 

1;  those  obtained  with  a  conventional  keyboard  entry  device,  allow- 

'  lng  more  time  to  be  devoted  to  manual  control  of  the  vehicle. 

The  use  of  a  central-composite  design  allowed  a  wide  range  of 
I  environmental  variables  to  be  examined  using  a  minimum  number 

of  observations. 
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APPROACHES  FOR  SUPERVISORY  MANAGEMENT  OF  INFORMATION 
IN  AUTOMATED  AIRBORNE  SYSTEMS* 

By 

Randall  Steeb 
Yee-Yeen  Chu 
Percept ronlcs,  Inc. 

6271  Varlel  Avenue 
Woodland  Hills,  California  91367 


Abstract 

The  selection  of  Information  for  display  In  airborne  systems  Is  a  recurrent, 
subjective  decision  Involving  many  factors  -  aircraft  state,  environmental 
conditions,  operator  capabilities,  and  Information  acquisition  costs,  among 
others.  The  selection  may  be  characterized  essentially  as  a  queueing  process 
with  a  multi -attribute  utility  model  as  a  criterion  function.  Queues  of  Infor¬ 
mation  compete  for  attention  regarding  such  areas  as  aircraft  dynamics,  system 
faults,  threat  Information,  and  communications,  Continuous  build-up  In  uncer¬ 
tainty  regarding  each  unattended  process  Is  maintained  from  time  distributions 
of  event  occurrence.  The  paper  describes  a  method  by  which  the  next  Information 
to  service  Is  selected  using  a  criterion  function  based  on  Multi -Attribute 
Utility  (MAU)  concepts,  which  was  found  useful  In  ascertaining  the  value  of 
each  Information  source.  Issues  regarding  queue  ordering,  service  disciplines, 
and  aiding  types  are  discussed. 

Introduction 


Task  analyses  of  the  pilot  In  advanced  aircraft  have  demonstrated  the 
Increasing  Importance  of  supervisory  control  functions.  Equipped  with  wide¬ 
band  data  links,  multiple  sensors,  modular  expandable  avionics,  and  on-board 
computers,  the  next  generation  of  aircraft  are  quite  likely  to  be  capable  of 
carrying  out  all  phases  of  flight  automatically.  However,  In  view  of  the  pro¬ 
jected  huge  Increases  In  Information  and  resources  available  to  the  pilot,  more 
effective  and  efficient  use  of  Information  becomes  Important. 

The  pilot  as  the  airborne  system  manager  faces  a  variety  of  Information 
sources  and  displays  —  such  as  Master  Monitor  Display,  Integrated  Multi¬ 
function  Display,  etc.  These  displays  may  be  event  driven,  functional  or  pro¬ 
cedural.  The  pilot  has  the  responsibility  to  monitor  the  aircraft  subsystems 
as  well  as  supervise  the  autopilot  and  to  detect  possible  hardware  failures  and 
potential  hazards.  He  must  constantly  respond  to  action-evoking  events  such 
as:  communication  of  Information,  change  of  aircraft  configuration,  and  reduction 
of  4-D  guidance  errors.  Finally,  the  pilot  Is  required  to  respond  to  unexpected 
events  such  as  Identification  and  avoidance  of  threats,  change  of  flight  plan, 
establishment  of  the  backup  mode,  and  declaration  of  emergencies,  etc.  The 
pilot  Is  In  a  multi -Information  selection  situation. 


* 


This  research  was  supported  by  the  Air  Force  Office  of  Scientific  Research 
under  Contract  No.  F44620-76-0094. 
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Information  Value  Modeling 

The  selection,  acquisition  and  processing  of  information  are  activities 
that  are  Involved  In  virtually  every  aspect  of  advanced  airborne  operations. 

The  operator  must,  under  considerable  time  stress,  weigh  the  probable  usefulness 
and  the  costs  of  a  variety  of  competing  forms  of  Information  --  mission  status, 
track  data,  environmental  Information,  aerodynamic  functioning,  etc.  These 
moment-to-moment  judgments  must  often  by  based  on  subjective  factors,  since  the 
decision  Is  normally  too  complex  and  dynamic  to  be  analytically  tractable. 

Use  of  Multi -Attribute  Utility  (MAU)  models,  pioneered  by  Ralffa  and  his 
collegues  (1),  (2)  and  by  V.  Wlnterfeldt  (3),  make  the  Information  seeking 
process  goal  directed,  normative  and  axiomatic.  The  value  of  obtaining  Infor¬ 
mation  Is  determined  by  calculating  Its  Impact  on  the  expected  utility  of  the 
subsequent  action  and  control.  The  Information  Is  assumed  to  change  the  prob¬ 
ability  distribution  of  the  consequence  sets  and,  In  turn,  to  revise  the  expected 
values  of  the  alternative  actions.  In  Its  simplest  form,  the  model  Is  a  linear 
additive  rule.  The  utility  of  an  action  Is  considered  to  be  an  aggregate  of 
many  possible  outcomes,  each  expressed  along  a  set  of  attributes: 

EU  (ak)  -  l  P(zh)  l  U1  (ak,  zh)  (1) 

states  attributes 

1 

where  EU (ak)  Is  the  expected  utility  of  action  k,  P(zh)  Is  the  probability  of 
state  zh  occurring,  and  U.,(ak,  zh)  Is  the  utility  function  over  the  1th  attribute 
associated  with  state  h  and  action  k. 

The  formulation  Is  the  result  of  several  key  simplifying  assumptions.  The 
decision  maker  Is  assumed  to  be  risk  neutral,  so  that  he  Is  Indifferent  between 
the  expectation  across  a  set  of  uncertain  outcomes  and  the  uncertain  outcomes 
themselves.  Also,  the  attributes  are  assumed  to  satisfy  add 1 tl ve  1 ndependence . 
allowing  the  linear  additive  form  of  aggregation.  Tests  for  compl lance  wl th 
these  assumptions  can  be  found  In  V.  Wlnterfeldt  (3),  or  Keeney  and  Ralffa  (2). 

The  sequence  of  decision  stages  can  be  depicted  using  a  decision  tree,  as 
shown  In  Figure  1.  The  tree  Is  folded  back  by  associating  with  each  possible 
message  the  maximum  expected  utility  of  the  subsequent  actions.  This  folding 
back  represents  graphically  the  process  of  EU  maximization.  The  favored  Infor¬ 
mation  source  n  is  then  Identified  by  comparing  the  expectations  taken  over  all 
possible  messages.  Based  on  this  framework  model  adaptation  can  be  achieved 
by  adding  a  training  algorithm  tied  to  the  difference  between  the  model -predicted 
and  actually  chosen  Information  as  described  In  Figure  2. 

An  Experiment 

An  experimental  study  was  performed  to  test  the  effectiveness  of  the  adaptive 
decision  model  In  Information  management  (Steeb,  Davis,  Alperovltch  and  Freedy, 
(4).  Individual  subjects  were  required  to  pilot  a  simulated  aircraft  In  a 
changing,  hazardous  environment.  In  doing  so,  the  operators  were  able  to  select 
from  a  variety  of  forms  of  Information  concerning  the  multiple  threats  encoun¬ 
tered,  and  take  either  evasive  or  aggressive  actions. 


692 


FIGURE  2. 

ADAPTIVE  STRUCTURE  OF  DECISION  MODEL 


The  simulation  uses  a  computer-generated  CRT  display,  Illustrated  In 
Figure  3.  The  environment  and  aircraft  are  shown  as  they  would  be  In  a  moving- 
map  display.  Sets  of  threats  appear  at  random  positions  at  the  upper  edge  of 
the  display  and  move  downward  at  a  constant  velocity.  The  operator  can  move 
the  vehicle  symbol  horizontally  to  one  of  eleven  different  pathways  to  avoid 
the  threats,  or  he  can  remain  on  course  and  take  an  aggressive  action  against 
one  of  the  threats.  The  actions  open  to  the  operator  are  primarily  decision 
making  In  nature.  Dynamics  of  control  are  minimized  since  the  threat  and 
vehicle  velocities  are  held  constant. 

The  Identity  and  location  of  the  threats  can  be  determined  only  by  exer¬ 
cising  one  of  the  five  Information  options.  The  options  differ  In  their  ability 
to  differentiate  between  and  to  locate  the  threats.  In  those  situations  where 
the  Information  option  Is  unable  to  differentiate  between  threat  types,  a 
combination  symbol  Is  displayed. 

The  presentation  of  conditions  Is  organized  Into  three  distinct  mission 
phases  —  cruise,  surveillance,  and  aggression.  Each  phase  has  set  levels  of 
danger,  detection,  payoffs  and  Information  accuracy.  Five  consequence-related 
attributes  were  employed  In  the  decision  model:  communication  cost,  time  delay 
for  Information  display,  detection,  vehicle  loss,  and  offensive  gain.  Two 
forms  of  weight  estimation  were  used  —  adaptive  estimation  from  observed 
behavior  and  off-line  estimation  from  direct  elicitation. 

Figure  4  shows  the  performance  score  (the  payoffs  less  damages  and  costs) 
averaged  across  the  12  participants,  attained  under  each  of  the  three  forms 
of  Information  management  -  manual,  automated/dlract  elicitation,  and  automated/ 
adaptive  estimation.  The  figure  also  shows  the  performance  scores  under  the 
two  levels  of  speed  stress  (4-  or  6-second  allowance  for  Information  selection). 
Auto/Adaptive  Selection  shows  a  60*  Increase  In  performance  over  manual  selection, 
and  Auto/Direct  shows  a  29X  Improvement  over  manual  (all  differences  significant 
at  P<.05).  Much  of  the  Improvement  In  aiding  appears  to  be  due  to  the  signif¬ 
icant  decrease  In  manual  performance  as  the  speed-stress  Increases. 

Although  the  Adaptive  model  employed  In  this  study  was  constrained  to  an 
application  of  moderate  complexity  (multiple  criteria,  probabilistic  consequences, 
and  time-varying  behavior)  the  multi -attribute  model  was  found  to  provide  a 
useful  framework  for  ascertaining  the  value  of  contribution  of  each  Information 
source.  The  contribution  estimated  for  each  Information  source  using  the 
decision  model  proved  to  be  a  good  estimator  of  the  actual  score  attributable 
to  that  source.  This  Information  value  was  specific  to  the  Individual  decision 
maker  and  the  sequence  of  task  circumstances  encountered.  n 

i 

Continuous  Monitoring  and  Control  Model 

The  Information  model  discussed  earlier  handles  the  discrete  choices  present 
In  airborne  operations,  but  does  not  deal  with  the  many  continuous  behaviors 
present  In  monitoring,  tracking,  etc.  Many  of  these  continuous  stochastic 
processed  can  be  modeled  by  embedding  the  multi -attribute  decision  model  In  a 
queue  Ing'hnodel .  Here  the  time  distributions  of  processes  such  as  system  faults, 
course  errors  and  energy  management  losses  are  known,  and  a  queue  of  potential 
messages  or  sampling  options  are  present.  The  queueing  model  provides  a  descrip¬ 
tive  framework  to  accommodate  the  build-up  In  uncertainty  regarding  a  given 
process.  The  multi -attribute  decision  model  Is  then  Incorporated  as  a  criterion 
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FIGURE  4. 

THE  RELATIONSHIP  BETWEEN  INFORMATION 

SELECTION  MODE  AND  PERFORMANCE  SCORE  FOR: 

(A)  LOW  SPEED  STRESS,  AND  (B)  HIGH  SPEED  STRESS 

function  In  the  queueing  model.  This  section  describes  the  proposed  Inter¬ 
facing  of  the  two  types  of  models. 

Following  previous  work  by  Rouse  and  Chu  (5),  a  set  of  assumptions  which 
characterize  a  basic  Information  selection  situation  Is  as  follows: 

1.  The  Information  systems  can  be  represented  as  K  Independent  processes,  with 
state  vectors  xk,  k  »  I,  2,  .  .  .  K. 

2.  The  prior  statistics  for  the  observations  of  system  state  z^  are  given  (for 
example,  the  joint  distributions  of  the  presence  of  arrivals  pfejz),  Inter¬ 
arrival  time  distribution  f(t  |z),  and  service  time  distribution  g(t  |z)). 

k  sk 

3.  The  pilot  scans  the  Information  display  (or  the  pilot  Is  presented  with 
Information  displays  according  to  soma  monitoring  strategy  (queue  ordering), 
the  monitoring  strategy  Is  based  on  some  set  criteria. 

4.  Actlon/lmplementatlon  follows  the  Information  selection.  False  alarms, 
missed  events,  and  Incorrect  responses  are  possible  consequences. 

This  queueing  representation  of  the  system  features: 

1.  Time-line  analysis  of  continuous  supervisory  control. 

2.  Discrete-time  events  of  multiple  processes  (monitoring  functions). 

3.  Processes  "compete"  for  attention  and  "queue"  for  service. 

4.  Continuous  build-up  In  uncertainty  and  risk  regarding  each  unattended  process. 

5.  Multiple  operators  with  Independent  or  overlapping  responsibility. 

6.  Delay  time  statistics,  time-line  workload,  and  system  throughput. 

7.  Integrated,  Interactive  control /display  situation. 

The  framework  of  the  multi-process  system  assumes  that  the  time  distribu¬ 
tions  of  Information  message  arrival  and  service  times  are  known.  With  given 
control  of  arrival,  service  or  priority  discipline  (6),  the  queueing  model  would 
predict  steady-state  system  characteristics  such  as  average  delay  time,  through¬ 
put,  utilization  and  server  occupancy  (fraction  of  time  the  server  Is  occupied 
by  the  message  processing).  Issues  that  will  be  Incorporated  In  the  framework 
Include:  (1)  dynamic  (time-varying)  priority,  (2)  task  preemption  (preemptive- 
resume),  (3)  continued  sampling,  (4)  operator  load,  and  (5)  uncertainty  and 
other  stochastic  aspects.  The  priority  discipline  for  the  selection  of  Info¬ 
rmation  arrival  will  be  based  on  the  MAU  model.  Each  of  the  Information  arrivals 
may  be  characterized  by  the  following  pace-related  set  of  parameters  (along  with 
other  situation-specific  characteristics): 

1.  Frequency  of  occurrence  -  arrival  rate. 


2. 
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Service  rate. 


3.  Cost  per  unit  time  delay. 

4.  Malting  time  In  message  queue. 

Also,  the  value  of  Information  must  be  above  some  threshold  determined  by  the 
Immediate  operator  load;  1 . e . .  Information  of  low  value  should  not  be  forced 
on  a  highly  loaded  operator.  Some  optimum  loading  level  should  be  maintained. 
Mlth  all  these  factors  taken  Into  consideration ,  the  selection  of  Information 
Is  based  on  the  maximization  of  the  MALI  associated  with  each  arrival  In  the 
queue.  The  NAD  values  need  only  be  updated  whenever  a  new  message  arrives  or 
whenever  the  environmental  phase  changes.  For  automated  Information  selection 
the  messages  are  selected  from  the  message  arrival  queue  and  displayed  to  the 
operator.  The  message  pace  Is  determined  by  the  operator's  action  following 
the  presentation  (assuring  a  full  Information  rate).  Therefore,  the  estimated 
service  time  would  Include  Information  decision  and  action  times. 

Figure  5  shows  the  functional  block  diagram  of  the  combined  MAU  and  queue¬ 
ing  model.  The  message  arrivals  are  generated  from  external  Information  sources 
and  transformed  In  a  well -presented  format  (graphic,  schematic,  alphanumeric, 
analog  signal,  tones,  etc.).  Each  new  message  arrival  causes  a  reordering  of 
the  message  queue.  The  computation  of  message  value  Is  then  carried  out  by  the 
MAU  model.  The  attribute  levels  and  weights  may  be  pre-asslgned  or  estimated 
adaptively  from  the  previous  decision  outcomes. 

Future  Plans 

Two  types  of  simulation  and  testing  are  planned  for  the  queuelng/MAU  model. 
The  first  simulation  will  be  a  purely  computational  Monte-Carlo  simulation.  This 
allows  rapid  testing  of  the  behavior  and  performance  of  the  model  prior  to 
human  subject  experimentation.  A  modification  of  the  current  advanced  aircraft 
simulation  will  then  be  used  to  study  human  operator  Interaction  with  various 
forms  of  model-based  aiding.  The  simulation  of  the  previous  experimental  study 
can  be  extended  to  encompass  continuous  monitoring  functions  by  Including 
additional  supervisory  tasks.  It  Is  planned  to  supplement  the  multiple  threat 
task  with  system  fault  detection  and  aerodynamic  status  tasks.  The  operator 
would  have  uncertainty  regarding  each  monitored  process. 

This  multi -function  task,  with  its  use  of  multiple  supervised  processes, 
each  with  several  Information  options,  also  lends  Itself  to  studies  of  behavioral 
Issues.  Aiding  can  Involve  probability  aggregation,  process  recommendation, 
information  recommendation,  and  automation.  The  behavioral  responses  can  be 
observed  rogardlng  model  confidence,  aiding  level,  operator  load,  and  perceived 
control . 

The  forms  of  display  In  the  task  would  be  those  shown  In  Flours  6.  These 
are  slmular  to  that  used  by  Chu  and  Rouse  (7)  In  their  studies  of  continuous 
monitoring  behavior.  Initial  work  with  the  task  simulation  would  Involve  use 
of  automated  operators.  This  would  allow  rapid  checkout  of  system  operation 
and  model  function,  since  the  automated  operator  could  operate  In  fast-time 
mode.  Also,  the  automated  operator  could  be  programmed  to  exhibit  different 
degrees  of  Inconsistency,  time  variation,  and  apparent  load.  Testing  would 
then  proceed  to  use  of  human  subjects  In  both  single  and  multiple  operator 
conditions. 


699 


4 


I 


s 

'Si 


DISPLAY  I  DECISION 

ELECTION  I  I  CHOICE 


r 

M 

AH 

A 

_ 

(a)  Mul tipi t  Thraat  (Full  Info  Option) 


(b)  Fault  Detoction  (Graphic  Option) 


(c)  Aircraft  Dynamics  (Graphic  Option) 


FIGURE  6. 
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ABSTRACT 


Sub j acta  performed  a  task  in  vhich  they  could  apand  only  a  fraction  of 
thalr  tins  monitoring  a  aaoond-ordar  atochaatle  procaas  for  out  of  tolaranes 
raadlnga.  Independent  variables  warat  (1)  the  process  bandwidth  (0,2  and 
0.4  rad/sac) |  (2)  the  fraction  of  time  that  could  be  devoted  to  monitoring 
(0.25,  0.50,  and  0.75)}  and  (3)  the  setup  cost  or  time  penalty  for  shifts  of 
attention  away  from  the  monitoring  task.  Tha  subject's  monitoring  perfor¬ 
mance  and  time-sharing  atrategiea  era  compared  to  those  of  a  simulation  model 
for  tha  task. 


INTRODUCTION 


As  computers  are  added  to  tha  cockpit,  the  pilot's  role  is  changing  from 
one  of  manually  flying  the  aircraft,  to  one  of  supervising  computers  that  are 
doing  navigation,  guldanaa,  energy  management  ealculationa,  and  automatic 
flying  of  tha  aircraft.  This  supervisory  role  adda  two  teaks  to  tha  pilot's 
duties.  One  is  to  monitor  the  aircraft's  performance  to  make  sure  tha  com¬ 
puters  are  doing  their  job  corractly.  The  pilot's  second  task  is  to  insert 
information  and  commands  into  the  computers. 

Tha  environment  in  which  the  pilot  Interacts  with  his  on-board  computer 
is  quite  different  from  other  jobs  in  which  an  operator  Interacts  with  a  com¬ 
puter.  In  a  management  information  system,  telaoparator  control,  or  in  most 
human  interaction  with  a  computer,  the  computer  is,  or  can  aaelly  be,  halted 
to  allow  the  operator  time  to  think  and  plan  his  next  input.  In  those  cases, 
tha  operator  and  computer  work  sequentially.  An  aircraft  that  is  being  con¬ 
trolled  in  real  time  by  a  computer  cannot  be  stopped  while  tha  pilot  Inputs 
his  commands.  In  that  environment,  both  computer  and  man  must  work  in  paral¬ 
lel.  The  pilot  must  interrupt  his  monitoring  to  interact  with  tha  computer, 
Conversely,  the  pilot  must  interrupt  the  discrete  tasks  to  monitor,  Other 
characteristics  of  discrete  tasks  and  monitoring  in  the  cockpit  are  the  fol¬ 
lowing:  (1)  the  discrete  tasks  are  presented  at  random;  (2)  they  must  be 
accomplished  by  a  certain  time  -  although  plenty  of  time  usually  Is  available 
to  do  tha  tasks;  (3)  attention  must  be  diverted  from  monitoring  for  fairly 
long  blocks  of  time  (seconds)  to  do  the  discrete  tasks;  (3)  the  displays  the 
pilot  must  monitor  show  tha  error  between  his  vehicle's  stats  and  tha  desired 
etate;  and  (4)  these  signals  are  low  bandwidth  outer  loop  trajectory  variables 
that  must  be  monitored  for  out  of  tolerance  conditions. 

In  this  experiment,  the  essential  elements  of  this  task  were  abstracted 
to  a  task  in  which  subjects  were  presented  with  a  discrete  task  that  had  to  be 
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finished  by  a  specified  time.  Subject  to  this  time  constraint,  they  were 
asked  to  divide  their  attention  between  monitoring  a  continuous  second-order 
stochastic  process  and  performing  the  discrete  task  so  that  they  maximized  the 
amount  of  time  they  were  observing  the  map  display  when  it-  was  out  of 
tolerance. 

The  objective  of  this  research  was  to  determine  how  oarameters  of  the 
process  and  the  discrete  task  affect  both  monitoring  performance  and  the 
pilot's  time-sharing  strategy.  Subjects'  performance  and  etretegy  were  com¬ 
pared  to  that  of  a  simulation  model  of  a  human  performing  the  task. 


SIMULATION  FACILITY  AND  TASKS 


Monitoring  Task 

The  subject  monitored  the  output  of  a  second-order  process  driven  by 
white  noise.  The  signal  appeared  as  lateral  errors  on  the  simplified  area 
navigation  map  display  shown  in  figure  1.  The  subject  was  told  that  the 
errors  were  due  to  navigation  system  noise.  The  display  was  defined  as  being 
out  of  tolerance  if  it  had  an  error  greater  than  "one  dot."  The  process  band¬ 
width  determined  how  predictable  the  error  signal  was.  The  ratio  of  the 
tolerance  to  the  standard  deviation  of  the  error  determined  how  frequently  the 
error  signal  was  out  of  tolerance.  For  these  experiments  this  ratio  was  set 


KEANN 

TTW!0:43  27 
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ENTER  DATA 

Figure  1.  A  drawing  of  the  simplified  area  navigation  display  used  in  the 
monitoring  task.  The  display  was  generated  on  a  caligraphlc  computer  graphics 
system.  The  next  waypoint,  KEANN,  was  43  sec  away.  Of  that  43  sec,  27  sac 
had  to  be  spent  on  the  discrete  task. 
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to  1.5  and  the  error  elgnal  was  out  of  tolerance  about  13.4%  of  the  time. 

The  map  display  was  refreshed  60  times  a  second  and  updated  10  times  a  second. 
Its  motion  appeared  to  be  continuous. 

During  an  experimental  run,  the  "aircraft"  flew  along  a  route  defined  by 
10  waypoints.  The  time  to  the  next  waypoint  (TTW)  was  displayed  in  the  upper 
left  corner  of  the  map.  Thera  were  150  sec  from  the  start  of  a  run  to  the 
first  waypoint  and  75  sec  between  each  subsequent  waypoint.  When  the  "air¬ 
craft"  was  60  sec  from  the  next  waypoint,  the  message  "ENTER  DATA"  appeared 
at  the  bottom  of  the  display.  Tha  subject,  who  then  had  60  esc  to  complete 
the  discrete  task,  switched  between  the  monitoring  task  and  the  diacrete  task 
by  depressing  the  space  bar  on  a  keyboard. 

Discrete  Task 

When  the  discrete  task  page  was  selected,  the  route  line,  aircraft 
symbol,  and  deviation  dots  wars  removed  from  the  displey.  The  two-digit 
number  in  the  upper  canter  of  tha  display  counted  down  whenever  the  discrete 
task  page  vaa  selected,  (Title  number  was  alao  displayed  on  the  map  page.) 

The  subject's  task  was  simply  to  observe  that  page  long  enough  ao  that  the 
counter  reached  aero  by  tha  time  the  aircraft  was  at  the  next  waypoint.  A 
second  experiment,  not  reported  hare,  investigated  a  more  realistic  discrete 
task  in  which  the  subjects  had  to  key  in  random  digits  when  they  were  not 
monitoring  the  display. 

This  diacrete  task  had  the  advantage  of  allowing  precise  control  of  the 
setup  coat  of  the  diacrete  task  and  the  fraction  of  time  that  tha  subject 
could  monitor  the  map  display.  The  initial  value  of  the  counter  determined 
the  fraction  of  time  the  subject  could  monitor  the  map  display.  Setup  coat  is 
nonproductive  time  that  occurs  aach  time  a  diacrete  task  ia  started,  either 
initially  or  after  being  interrupted.  For  example,  in  entering  data  with  a 
keyboard,  some  time  is  lost  when  the  operator  shifts  his  attention  to  the 
keyboard  and  positions  hie  hands.  Setup  cost  was  simulated  by  adding  a  delay 
before  the  discrete  task  counter  began  counting  down  each  time  tha  subject 
switched  to  the  discrete  task  page. 

Instructions  and  Performance  Feedback 

The  aubject  wae  inatructed  that  his  highest  priority  was  to  finish  the 
diacrete  task  by  the  time  the  aircraft  reached  the  next  waypoint.  Subject  to 
this  constraint,  ha  was  further  instructed  to  maximise  the  amount  of  time 
that  he  was  observing  the  map  display  when  the  displayed  error  was  out  of 
tolerance.  When  the  "aircraft"  reached  tha  waypoint,  the  subject  was  given  a 
score  in  terms  of  hits  and  misses  for  that  waypoint  segment.  The  hit  (miss) 
score  was  the  number  of  seconds  that  the  error  was  out  of  tolerance  and 
observed  (not  observed)  by  the  subject.  This  constraint  formulation  seems  to 
be  a  more  accurate  description  of  real  tasks  than  a  task  in  which  the  oper¬ 
ator  is  "rewarded"  for  observing  out-of-tolerance  signals  and  doing  discrete 
tasks. 

THEORY 


In  reference  1,  three  models,  based  on  Smallwood's  (ref.  2)  Internal 
model  concept,  were  developed  for  a  simpler  task  in  which  a  subject  monitored 


the  quantized  output  of  a  discrete  tine  flrat-order  process.  The  third  model 
in  reference  1  formulated  the  eubject'a  task  aa  a  two-state,  finite  horizon, 
dynamic  programming  problem  (refs.  1,  3).  The  states  were  the  absolute  error 
and  the  amount  of  time  that  had  to  be  spent  on  discrete  tasks  before  the  time 
horison.  By  adding  e  third  state  for  error  rets  end  quantising  the  states, 
that  seme  formulation  could  in  principle  be  used  to  derive  normative  strate¬ 
gies  and  performance  for  the  current  task.  Unfortunately,  this  dynamic  pro¬ 
gramming  approach  was  computationally  impractical. 

It  was  observed  in  reference  1  that  performance  and  strategies  of  the 
optimal  dynamic  programming  formulation  were  almost  identical  to  those  that 
could  be  derived  from  a  much  simpler  "myopic"  model.  In  that  model,  a  decision 
was  made  to  either  continue  monitoring  or  to  switch  to  discrete  tasks,  depend¬ 
ing  on  which  activity  maximised  the  immediate  expected  reward.  The  subject 
received  a  reward  of  ona  unit  for  observing  the  map  display  when  it  was  out  of 
tolsranca  and  a  smaller  reward  of  R  units  for  doing  discrete  tasks  for  one 
unit  of  time.  As  R  was  increased,  the  model  devoted  a  larger  fraction  of 
time  to  discrete  tasks.  When  the  performance  and  strategy  of  thla  model  were 
plotted  as  a  function  of  fraction  of  time  on  discrete  tasks  Instead  of  R,  the 
performance  and  strategy  of  the  modal  and  the  dynamic  programming  model  ware 
essentially  identical. 

In  the  remainder  of  this  section,  the  myopic  modal  is  extended  to  moni¬ 
toring  a  continuous  second-order  process  with  an  infinite  horizon.  The 
effect  of  several  process  parameters,  discrete  task  parameters,  and  operator 
parameters  on  monitoring  parformancs  is  illustrated.  Finally  the  model  is 
modified  for  the  specific  task  performed  by  the  subjects  in  this  experiment  in 
which  a  specified  amount  of  time  had  to  be  spent  on  discrete  tasks  by  a  future 
time  deadline. 

In  the  model,  it  is  assumed  that  the  operator  has  an  internal  modal  of 
the  process  and  environmental  disturbances.  He  knows  the  parameters  of  the 
process  and  can  use  this  knowledge  to  predict  the  probability  that  the  process 
will  be  out  of  tolerance  at  a  future  time  given  that  he  knows  the  displays 
current  error  and  error  rata.  For  a  second-order  process  with  bandwidth  u, 
the  distribution  of  the  displayed  error  in  t  seconds  is  a  Oausalan  distri¬ 
bution  with 


mean  m(t)  ■  [s(l  -  wt)  +  et]e"ut 

variance  v(t)  -  1  -  (1  +  2ut  +  2u2t2)e“Jut 

Tha  probability  that  the  error  will  be  out  of  tolerance  at  a  future  time  can 
be  calculated  from  this  distribution! 

e+Tol 

Pout^*,*,t,To1)  “  I  N[m(t),v(t)]de 
*-Tol 

Tha  average  probability  of  being  out  of  tolsranca  is  computed  for  future  times 
of  1,2,3,...,  sect 


_ -  t 

P0Ut(e,i,t,Tol)  “  r  £  Pout(e,e,t,Tol) 
i-1 

Thi  maximum  value  of  C  (the  diacrata  task  dwell  tin*  T)  la  found  for  which 
PouC(a,fc,t,Tol!)  <  R,  Cha  raward  for  doing  diacrata  taaka,  Tha  modal  than 
awltchad  to  tha  diacrata  taak  for  T  aaconda.  Zf  T  -  0,  tha  modal  continuaa 
to  monitor.  Plgura  2  ahowa  a  plot  of  tha  modala  atratagy  aa  a  function  of 
dlaplay  arror  and  arror  rata  for  R  ■  0.032.  A  almulatlon  of  thla  atratagy 
ahowad  that  tha  modal  obaarvad  83X  of  tha  out-of-tolerance  arrora  whila  apand- 
lng  257C  of  tha  tlma  monitoring.  Tha  avaraga  dwall  tlma  on  tha  diacrata  taak 
waa  (.3  aao. 


IRROR  RATI,  unlti/Mo 
•  -0,4 
□  -0,2 
O  0 
&  40.2 
0  40.4 


Figure  2.  Tha  modal' a  atratagy  waa  a  function  of  dlaplay  arror  with  arror 
rata  aa  a  paramatar  for  a  diacrata  taak  raward  of  E*  0.032.  Tha  procaaa 
bandwidth  waa  0.2  rad/aac  and  tha  arror  waa  out  of  tolaranca  13. 4X  of  tha 
tlma. 

Tha  monitoring  parformanca  and  othar  charactarlatica  of  thla  atratagy 
wara  datarminad  by  computar  almulatlon.  A  aariaa  of  random  numbara  waa  digi- 
tally  flltarad  to  ganarata  tha  output  of  tha  procaaa.  Tha  modal  aamplad  thla 
arror  algnal  and,  baaad  on  tha  abova  atratagy,  dacidad  to  althar  kaap  monitor¬ 
ing  or  to  awitch  to  diacrata  taaka  for  T  aaconda.  Aftar  dwelling  on  tha 
diacrata  taak  for  T  aaconda  tha  modal  awltchad  back  to  tha  monitoring  taak. 
Tha  modal  alwaya  obaarvad  tha  dlaplayad  arror  for  a  minimum  dwall  tlma, 
uaually  1  aac,  bafora  making  a  naw  dacialon  to  althar  continue  monitoring  or 
awitch  to  tha  diacrata  taak.  Simulation  runa  wara  made  with  dlffarant  valuta 
of  diacrata  taak  raward  R.  Tha  length  of  each  run  waa  10,000  aac.  Tha  moni¬ 
toring  parformanca  of  the  model  la  plotted  in  flgurea  3  and  4  aa  a  function  of 
tha  fraction  of  time  apant  on  diacrata  taaka  for  different  procaaa  bandwldtha 
and  dlaplay  dwall  tlmaa.  Alao  ahown  on  thoaa  grapha  are  tha  parformanca  that 
would  reault  with  perfect  information  on  tha  diaplaya  future  arror  and  tha 
parformanca  with  no  arror  information,  Aa  tha  bandwidth  dacreaaea  and  the 
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Figure  3.  Tha  «ff act  of  a  procaaa  Figure  4.  Tha  affaot  of  diaplay 

bandwidth  on  monitoring  performance  dwall  tlma  on  monitoring  parformanca 

for  a  aacond-ordar  procaaa.  Tha  for  a  sacond-ordar  procaaa. 

arror  waa  out  of  tolaranca  13.4%  of 

tha  tlma.  Tha  minimum  diaplay  dwall 

tlma  waa  1.0  aac  and  tha  dlacrata  task 

aatup  coat  waa  0.0  aac. 

arror  algnal  bacomaa  mora  predictable,  monitoring  parformanca  approachaa  that 
poaalbla  with  par fact  futura  Information.  Alao,  abort ar  minimum  diaplay  dwall 
timaa  raault  In  parformanca  oloaar  to  that  poaalbla  with  parfact  futura 
Information.  Furthar  simulation  runs  ahowad  that  If  tha  modal  always  aaaumad 
that  tha  display  arror  rata  waa  aaro,  only  a  vary  small  dacramsnt  In  parfor¬ 
manca  occurrad.  Monitoring  parformanca  waa  alao  inaanaltlvs  to  varying  tha 
modala  aatlmats  of  tha  procaaa  bandwidth  from  0.05  to  0.8  rad/aac. 

Flgura  5  shows  tha  detrlmantal  offset  of  a  dlacrata  task  aatup  coat-  on 
monitoring  parformanca.  To  lnvastlgata  tha  affaot  of  setup  coat,  tha  simula¬ 
tion  modal  had  to  ba  modified  aa  follows.  For  each  switch  to  the  dlacrata 
taak,  tha  aatup  coat  C  was  aubtractad  from  tha  modala  dlacrata  taak  dwall 
tlma  dacialona  to  fing'-fha  "productive"  dwall  tlma  apant  on  tha  dlacrata  task. 
Alao  a  lowar  bound,  THIN,  waa  apaciflad  for  tha  minimum  dlacrata  taak  dwell 
tlma.  TMIN  was  always  at  laaat  C  +  1.  For  a  given  aatup  coat  and  reward 
tha  value  of  TMIN  waa  found  which  maximized  parformanca. 

In  ordar  to  do  tha  finite  horizon  taak  praaented  to  tha  subjects,  tha 
above  modal  was  modified  by  adding  a  feedback  loop  which  adjusted  the  discrete 
taaka  reward  ft  aa  a  function  of  tha  fraction  of  tha  remaining  time  that  must 
ba  apant  on  the  discrete  taak,  Aa  noted  above,  aa  R  Increases,  the  modal 
spends  an  increasing  amount  of  tha  time  on  the  dlacrata  tasks.  Tha  power 
function,  R  ■  13.4  I*,  waa  empirically  found  to  give  a  good  fit  to  tha  rela¬ 
tion  between  R  and  F  (tha  fraction  of  tha  remaining  tlma  which  must  ba  spent 
on  dlacrata  taaka).  Tha  parameter  A  waa  aat  to  give  tha  correct  value  of 
R  for  F  ■  0.75.  Tha  values  of  A  ranged  from  4.97  to  1.34  for  tha  four 
bandwidth  and  setup  coat  conditional  A  teat  was  also  performed  on  tha  models 
decisions  to  maka  aura  that  tha  modal  did  not  spend  mora  time  on  tha  discrete 
tasks  than  was  nacaaaary  to  finish  them. 
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FRACTION  OF  TIME  ON 
DISCRETE  TASKS 

Figure  5.  The  effect  of  discrete  task  setup  cost  on  monitoring  performance 
for  a  second-order  process. 


Before  the  experiment  was  conducted,  this  modal  was  run  on  the  Identical 
random  sequences  that  wera,obssrved> by  the  subjects  in  the  experiment  for  eech 
of  the  experimental  conditions,  the  internal  model's  bandwidth  and  order  were 
Identical  to  those  of  the  actual  process.  The  model's  perceptual  limitations, 
as  described  by  error  and  error-rate  quantisation  and  observation  noise,  were 
set  to  sero.  The  minimum  dwell  time  on  the  map  display  was  set  to  1  sec. 

With  those  parameters  the  model  should  perform  better  on  the  average  than  the 
subjects  in  the  experiment,  unless  the  subjects  use  a  shorter  dwell  time  on 
the  map  display.  Monitoring  performance  and  other  statistics  of  the  models' 
strategy,  and  experimental  data  from  the  subjects  are  shown  in  figures  6-11. 
Note  that  model  performance  deteriorates  when  there  is  a  specified  time  limit. 
That  is  to  be  expected  becaus#  the  model  is  constrained  to  spend  a  specific 
number  of  seconds  on  discrete  tasks  (15,  30,  or  43  sec)  out  of  each  60-sec 
period.  With  no  time  limit,  diecrete  tasks  can  bs  postponed  indefinitely 
while  waiting  for  an  opportune  time  to  switch  to  discrete  tasks. 


EXPERIMENT 


The  objective  of  this  experiment  was  to  determine  how  the  predictability 
of  the  monitored  procees,  the  fraction  of  time  that  must  be  devoted  to  dis¬ 
crete  tasks,  and  the  setup  cost  of  the  discrete  task  affected  human  monitoring 
performance  and  attention  sharing  strategy. 

Independent  Variables 

The  key  parameter  affecting  predictability  is  process  bandwidth.  The  two 
bandwidths  studied  were  0.2  and  0.4  rad/sec.  These  values  are  within  the 
range  of  bandwidths  of  outer  loop  guidance  and  control  displays  in  an  aircraft 
cockpit.  Three  levels  of  fraction  of  time  required  to  be  spent  on  discrete 
tasks  were  used:  0.25,  0.50,  and  0.75.  Two  levels  of  discrete  task  setup 
cost  were  used:  0  and  1  sec. 


Constant  Variables 


The  following  variables  wars  lafe  constant  In  this  experiment! 


Variable 

Value 

Units 

Number  of  displays 

1 

Order  of  process 

second 

Damping  ratio 

1.0 

Error  mean 

0.0 

dots 

Error  standard  deviation 

0.666 

dots 

Number  of  waypoints 

10 

Time  between  waypoints 

75 

sec 

Time  allowed  for  the 
discrete  task 

60 

sec 

Minimum  chunk  else 

0.1 

sac 

Page  switch  time 

0.1 

sec 

Prob  error  out 

0.134 

of  tolaranca 


Subjects 


Bight  mala  collaga  studanta  aged  18  to  30  wara  paid  for  thalr  participa¬ 
tion  In  this  axparlmant.  Nona  had  pravloualy  partidpatad  aa  a  sub J act  In  any 
similar  axparlmant a. 


A  mlxad  —  within  subject  and  batwaan  sub j act  -  factorial  daalgn  was  uaad. 
traction  of  tasks  and  procaaa  bandwidth  wars  chosen  as  within  aubjact  varia- 
blas  bacauaa  pilots  encounter  a  variety, -of  values  of  fraction  of  tasks  and 
also  monitor  displays  with  different  bliWwidths.  Setup  cost  was  chosan  as  a 
betwa’en-subject  variable  bacauaa  (1)  in  a  raal  system,  setup  cost  would  be 
relatively  constant  for  a  given  system;  (2)  it  was  expected  that  subject 
strategy  would  be  dependant  on  setup  cost  and  making  It  a  batwaan  subject 
variable  eliminated  uncontrolled  transfer  affect;  and  (3)  it  aeemad  desirable 
to  limit  the  time  any  one  subject  was  in  the  experiment  to  minimise  boredom 
problems.  The  two  replications  per  subject  wara  also  a  withln-subjacts 
affect.  Four  subjects  were  randomly  assigned  to  each  of  the  two  setup-cost 
conditions.  The  order  in  which  each  subject  received  the  six  wi thin-subject 
variablaa  in  aach  replication  was  randomised.  Bach  run  in  a  replication  was 
13.75  min  long  and  consisted  of  10  waypoint  segments,  aach  75  sac  long,  plus  a 
75-sac  beginning  segment  during  which  thara  was  no  discrete  task.  At  tha 
beginning  of  aach  75-sac  segment,  tha  random  number  generator  was  reinitial¬ 
ised  to  1  of  10  different  seeds.  For  each  run  a  different  random  permutation 
of  these  10  seeds  was  used.  This  procedure  made  it  doubtful  that  tha  subjects 
could  memorise  the  random  process  while  still  using  the  Identical  process  for 
all  conditions. 

Procedure 

Ine  tasting  for  each  subject  took  place  over  3  days.  Subjects  were  run 
in  groups  of  two,  with  one  subject  resting  while  the  other  performed  the 
experimental  task.  On  the  first  day,  the  general  objectives  of  the  experiment 
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and  its  relation  to  aircraft  piloting  taaks  wera  explained.  The  eubjecta  were 
then  individually  instructed  in  the  operation  of  the  equipment  and  allowed  to 
monitor  each  of  the  bandwidth*.  At  the  beginning  of  each  run,  they  were 
instructed  to  attempt  to  obaerve  the  display  whenever  the  error  was  out  of 
tolerance  with  the  constraint  of  completing  all  discrete  tasks  on  time.  After 
passing  each  waypoint,  a  display  on  the  CRT  showed  how  well  they  had  done  in 
terms  of  hits  and  misses.  Any  questions  on  the  operation  of  the  equipment 
were  cleared  up  at  that  time  and  subjects  were  given  a  rest.  They  then  did 
each  of  the  six  sxperimental  tasks,  with  a  rest  between  each  of  those  runs. 

On  ths  second  and  third  days,  subjects  performed  data  runs  on  each  of  the  six 
tasks.  At  the  end  of  each  run,  subjects  completed  a  brief  questionnaire. 

Dependent  Variables 

The  following  data  were  taken  on  the  10  waypoint  segments  of  each  runt 

(1)  the  fraction  of  hits  ~  the  number  of  seconds  the  error  was  observed  to  be 
out  of  tolerance  divided  by  the  total  number  of  seconds  the  error  was  outt 

(2)  the  number  of  times  the  subject  switched  to  the  discrete  task;  (3)  the 
mean  and  standard  deviation  of  the  dwell  time  on  the  discrete  taskt  (4)  a 
histogram  of  the  dwell  times  on  the  monitoring  displays  (5)  ths  average  and 
standard  deviation  of  the  amount  of  discrete  taaks  remaining  at  45,  30,  13, 
and  0  sec  to  the  next  waypoint;  (b)  ratings  on  ths  questionnaire. 

In  addition,  the  process  output  and  the  times  of  each  switch  between 
tasks  was  recorded  to  allow  detailed  decision  by  decision  comparisons  of  sub¬ 
ject  and  modal  strategies. 

i 

i 

|  RESULTS 


Figure  6  shows  the  fraction  of  hits  for  the  eight  subjects  and  the 
model.  Monitoring  performance  went  down  sharply  whan  only  25X  of  the  time 
was  spent  monitoring.  Performance  also  decreased  as  ths  process  bandwidth 
Increased  and  as  the  error  signal  became  less  predictable.  The  setup  cost,  or 
penalty  for  switching  tasks,  ..caused  a  decrement  in  performance  at  all  levels 
of  fraction  of  time  on  the  discrete  task.  The  model's  performance  is  gener¬ 
ally  equal  to  or  slightly  better  than  that  of  the  subjects.  The  main  excep¬ 
tion  to  this  statement  is  ths  superior  performance  of  subjects  A,  B,  and  C 
when  they  could  spend  only  25%  of  their  time  monitoring.  As  pointed  out 
above,  the  model  was  constrained  to  monitor  the  display  for  at  least  1  see. 

Figure  7  shows  the  average  monitoring  dwell  time  for  each  subject.  These  same 
three  subjects  (A,  B,  and  C)  had  a  dwell  time  that  was  about  half  that  used  by 
the  model.  The  model  was  run  again  with  a  minimum  dwell  time  of  0.5  sec. 

Model  performance  improved  in  the  aero  setup  cost  conditions  to  be  equal  to  or  J 

better  than  that  of  all  the  subjects.  J 


*Each  data  point  plotted  for  a  subject  in  figures  6  to  13  is  the  average 
of  20  points  for  data  from  the  10  waypoint  segments  in  each  run  and  the  two 
replications  of  each  condition.  If  a  subject  did  not  finish  the  discrete  task 
in  time,  his  last  decision  to  switch  to  the  discrete  task  was  modified  during 
the  data  analysis  so  that  the  discrete  task  was  always  finished  on  time. 
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B'lgure  6.  Monitoring  performance  for  the  model  and  eight  subjects.  Sub¬ 
jects  A,  B,  C,  and  D  performed  the  teaks  with  no  setup  coat  and  subjecta  E,  F, 
G,  and  H  performed  the  tasks  with  a  1-aec  aetup  cost.  Fraction  of  hits  is  the 
amount  of  time  the  error  signal  was  observed  out  of  tolerance  divided  by  the 
total  amount  of  time  the  error  was  out  of  tolerance.  The  heavy  broken  line  ia 
the  model  prediction  for  each  condition. 
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Figure  7.  The  average  dwell  time  on  the  monitoring  display  for  dwell  times 
less  then  1.5  sec  long.  The  model's  minimum  dwell  time  wee  fixed  —  usually  at 
i  sec. 
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An  ANOVA  on  the  fraction-of-hits  date  showed  that  all  main  effecte  were 
significantly  different,  at  a  minimum  of  the  0.01  level.  All  two-way  inter¬ 
action  ware  eigniflcant  at  a  minimum  of  the  0.05  level.  Only  Che  three-way 
Interaction  waa  Inelgnlf leant.  An  Identical  ANOVA  waa  run  on  the  difference 
between  the  subject a'  and  the  model's  fraction  of  hlta  data.  Nona  of  the  main 
effecte  or  Interactions  were  significant  at  the  0.05  level. 

Figures  8,  9,  and  10  show  susmary  statistics  on  the  strategy  of  the  sub¬ 
jects  and  the  model.  The  average  number  of  switches  to  the  discrete  task  was 
higher  for  both  subjects  and  model  when  there  was  no  setup  cost  or  task- 
swltohlng  penalty.  The  variability  among  the  subjects  was  greater  whan  there 
was  no  setup  cost.  Setup  cost  reduces  the  benefit  of  reducing  the  minimum 
dwell  time  on  the  monitoring  task.  The  avaraga  number  of  switches  was  only 
slightly  affected  by  the  fraction  of  time  that  could  be  devoted  to  monitoring. 
It  is  interastingi  however!  that  both  the  model  and  most  of  the  subjects  made 
the  greatest  number  of  switches  whan  they  could  spend  only  half  of  their  time 
monitoring.  Figures  9  and  10  show  that  both  the  mean  and  the  standard  devia¬ 
tion  of  the  discrete  task  dwell  time  increased  sharply  when  lass  tlms  was 
spent  monitoring.  The  average  discrete  task  dwell  time  also  increased  when 
there  was  a  setup  cost. 

Figure  11  shows  the  average  fraction  of  time  that  had  to  be  spent  on  the 
discrete  task  when  the  time  to  the  next  waypoint  was  30  sec.  If  the  data  fell 
on  the  diagonal  line,  the  subject  had  dona  half  of  the  discrete  task  in  half 
the  time  allowed  to  do  it.  Zf  the  data  fell  above  the  diagonal!  the  subject 
was  postponing  the  discrete  tasks  until  later  in  the  waypoint  segment.  With 
no  setup  cost!  subjects  A,  B,  and  C  tended  to  postpone  the  discrete  tasks  when 
only  25X  of  the  time  was  spent  monitoring.  With  the  1-sac  setup  eo«t,  there 
was  a  larger  tendency  to  postpone  the  discrete  tasks. 

The  above  data  and  other  summary  measures  on  performance  end  strategy 
show  good  agreement  between  the  subjects  and  the  modal.  Figures  12  and  13 
show  the  results  of  comparing  each  subject's  decision  to  switch  to  the  dis¬ 
crete  task  with  the  decision  the  model  would  have  made  in  the  same  situation. 
The  only  subject-decisions  excluded  from  this  comparison  ware  those  in  which 
the  amount  of  time  remaining  to  be  spent  on  the  discrete  task  was  within  1  sec 
of  the  time  remaining  until  the  next  waypoint  was  reached.  Figure  12  shows 
the  fraction  of  time  that  the  model  agreed  with  the  subject's  decision  to 
switch  to  the  discrete  task.  The  agreement  tends  to  decrease  as  the  task 
becomes  more  difficult!  either  because  the  process  bandwidth  Increases  or 
because  the  setup  coat  Increases.  Note  that  with  no  setup  cost,  subject  D  had 
a  good  agreement  with  the  model  decisions  to  switch  away  but  had  the  worst 
performance.  Subject  D  typically  switched  to  the  discrete  task  at  good  times 
but  his  discrete  task  dwell  times  were  too  long,  With  the  setup  cost,  sub¬ 
ject  G  performed  worst  and  had  the  lowest  agreement  with  the  model. 

Next,  the  correlation  coefficients  were  computed  between  discrete  task 
dwell  times  for  the  subject  and  the  modal.  These  data  are  shown  in  figure  13 
for  each  subject  and  for  the  12  experimental  conditions.  The  correlation 
coefficients  range  from  0.13  to  0.79*  with  most  near  0.5.  The  correlations 
were  generally  higher  with  the  lower  bandwidth  process.  On  that  more  micro¬ 
scopic  level,  the  match  between  the  model  and  the  data  was  not  as  good. 
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Figure  9.  The  average  dwell  time  on  the  discrete  task 


In  order  to  describe  the  subjects*  time-sharing  strategies,  multiple 
linear  regression  analyses  were  performed  to  determine  functional  relation¬ 
ships  between  the  subjects'  decisions  and  key  task  variables  at  the  time  the 
decisions  were  made.  The  dependent  variable  was  the  discrete  task  dwell  time 
in  seconds  (D).  The  independent  variables  were  the  absolute  magnitude  of  tha 
display  error  (s),  tha  error  rats  (4),  and  tha  fraction  of  tha  remaining  time 
that  had  to  be  spent  on  tha  discreta  task  (7)  at  tha  elms  each  decision  was 
made,  and  tha  squaras  and  croae-producta  of  those  three  terms.  In  order  to 
eliminate  extreme  conditions,  daciaions  were  eliminated  from  the  analyses  if 
any  of  tha  following  condition!  ware  mat:  (1)  D  <  0,3  tact  (2)  a  >  0.93  dotat 
and  (3)  F  <  0.1  or  F  >  0.9.  Data  for  aaoh  aubjact  and  tha  two  procaaa  band- 
widths  wara  analysad  aaparataly  but  data  for  the  three  fraction-of-tima-on- 
dlacrata-taak  conditions  and  tha  two  replication!  wara  combined.  In  order  to 
allow  comparisons  batween  tha  aubjaota  and  tha  modal,  identical  analyaas  wara 
dona  on  tha  model's  decisions. 

The  ragraaalon  coafficianta  that  ware  significantly  different  from  zero, 
the  multiple  correlation  coefficients,  and  tha  correlation  bat wain  tha  deci¬ 
sions  of  the  modal  and  subjects  art  listed  in  table  1.  Many  mors  of  ths 
regression  coefficients  wara  significantly  different  from  ssro  for  tha  modal 
than  for  tha  subjects.  Tha  magnitude  of  tha  coafficianta  for  tho  modal  were 
also  almost  always  larger.  Ona  reason  for  tha  higher  number  of  significant 
coafficianta  for  the  model  le,  of  course,  that  tha  model  ia  completely  con¬ 
sistent.  _  It  always  made  tha  sama  decision  for  a  given  value  of  a,  a,  or  F. 
Tha  lciwar  magnitude  of  the  coefficient  for  the  subjects  euggeste  that  they 
made  lass  uaa  of  the  available  information.  In  general,  tha  subject*'  strate¬ 
gies  appeared  to  be  to  ewitch  away  from  tha  monitoring  dlepley  for  e  rela¬ 
tively  conetant  length  of  time.  Their  decleiona  were  e  much  weaker  function 
of  the  diapley  atete  end  the  fraction  of  time  thet  had  to  be  spent  on  tha 
discreta  teak. 

On  tha  condition  with  no  letup  coat,  aubjaota  A,  B,  end  C  appear  to  be 
quite  similar  to  each  other  but  distinctly  different  from  aubjact  D.  Sub¬ 
ject  D'a  Intercepts  were  5.2  and  6,0  aac,  which  waa  about  3  time a  higher  then 
the  intercept!  for  eubjecte  A,  B,  end  C.  Subject  D’s  decisions  ware  corre¬ 
lated  moat  highly  with  F  and  F2  and  only  slightly  with  tha  display  state. 
Dependence  on  F  ia  necessary  to  finish  the  discrete  teak  oh  time  but  the 
diapley  state  provides  tha  information  that  is  nacaaaary  to  gat  a  high  moni¬ 
toring  score.  It  ie  somewhat  ironic  that  although  subject  D's  daciaions 
correlated  most  highly  with  tha  modal  ha  got  tha  lowest  monitoring  acora. 

The  decleiona  of  eubjecte  A,  B,  and  C  wera  more  strongly  correlated  with 
tha  display  atate  and  those  subjects  got  higher  monitoring  acoraa,  The  sig¬ 
nificant  regression  coefficients  were  usually  with  a,  a,  and  ea.  A  negative 
e  coefficient  implies  a  strategy  that  switched  away  for  shorter  times  when 
the  error  wae  close  to  the  out-of-tolerance  limit,  A  negative  4  coefficient 
implies  that  decisions  were  shorter  when  the  error  signal  was  moving  rapidly 
in  any  direction.  A  negative  *4  coefficient  implies  that  error-rate  infor¬ 
mation  affected  decisions  most  strongly  when  tha  error  signal  was  close  to 
the  tolerance  limit. 

On  the  setup  cost  conditions,  the  Intercepts  were  generally  larger.  The 
subjects'  decisions  were  also  mors  correlated  with  F2.  Again,  the  subjects 
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TABLE  1 


REGRESSION  COEFFICIENTS  AND  RELATED  STATISTICS  FOR  THE  BEST  LINEAR  RELATION¬ 
SHIP  BETWEEN  THE  SUBJECT'S  DISCRETE  TASK  DWELL  TIME  (D)  AND  THE  FOLLOWING 
INDEPENDENT  VARIABLES)  (1)  THE  AB80LUTE  MAGNITUDE  OF  THE  DISPLAY  ERROR  <•) { 
(2)  CORRESPONDING  VALUE  OF  THE  ERROR  PATE  <•)$  (3)  THE  FRACTION  OF  THE  REMAIN¬ 
ING  TIMS  THAT  MUST  BE  SPENT  ON  THE  DISCRETE  TASK  (F)j  AND  (4)  THE  SQUARES  AND 
CROSS-PRODUCTS  OF  THESE  TERMS. 


BANDWIDTH 

Variable 

Intercast 

>0.2  rad/eac, 
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(E,  Ft  and  K)  who  parformsd  the  beat  under  thoae  conditions  were  the  onea 
whose  decisions  were  the  moat  strongly  correlated  with  the  display  state. 

After  each  run,  the  subjects  rated  the  task  on  the  bipolar  adjective 
pairs  shown  In  table  2.  The  fraction  of  time  that  had  to  be  devoted  to  dis¬ 
crete  tasks  had  the  strongest  Influence  on  the  subjective  ratings.  As  that 
parameter  Increased,  the  subjects  generally  agreed  that  the  task  became  more 
''demanding,"  "hard  to  learn,"  "annoying,"  "complex,"  "unpredictable  and 
difficult."  The  subjects  rated  the  task  as  bslng  "Interesting"  and  requiring 
"skill"  with  the  exception  of  subject  G  on  the  higher  bandwidth  task.  The 
tasks  were  generally  ranked  as  being  more  "frustrating"  by  the  subjects  who 
had  the  experimental  conditions  with  the  1-sec  setup  cost. 

TABLE  2 

BIPOLAR  ABJECTIVE  PAIRS  USED  TO 
RATE  EACH  EXPERIMENTAL 
CONDITION 


Demanding 

Undemanding 

Hard  to  learn 

Easy  to  learn 

Confusing 

Clear 

Surprising 

Routine 

Annoying 

Pleasant 

Passive 

Active 

Complex 

Simple 

Intuitive 

Rational 

Uninteresting 

Interesting 

Subtle 

Obvious 

Frustrating 

Soothing 

Unpredictable 

Predictable 

No  skill  required 

Skill  required 

Easy 

Difficult 

CONCLUDING  REMARKS 


In  this  paper  the  general  problem  ot  time-sharing  attention  between 
Instrument  monitoring  and  other  duties  was  described  and  a  simulation  model 
based  on  the  internal  model  concept  was  presantsd  for  that  kind  of  task. 
Monitoring-performance  of  the  model  was  presented  In  terms  of  the  fraction  of 
out-of-tolerance  errors  observed  as  a  function  of  the  fraction  of  time  spent 
on  discrete  tasks.  Performance  was  shown  to  be  sensitive  to  process  bandwidth 
and  discrete  task  setup  cost.  Performance  and  strategy  were  not  sensitive  to 
errors  in  the  simulated  operator's  internal  model  or  to  the  lack  of  rate 
information  in  the  display.  Performance  was  sensitive  to  the  minimum  dwell 
time  that  the  model  spent  on  the  monitoring  display. 

An  experiment  was  conducted  in  which  eight  subjects  monitored  the  output 
of  a  second-order  process.  All  of  the  independent  variables  —  fraction  of 
time  available  to  monitor,  process  bandwidth,  and  discrete  task  setup  cost  — 
significantly  affected  monitoring  performance.  Summary  measures  of  the  models 
performance  and  strategy  agreed  well  with  the  subjects'  data.  The  fit 
Improved  further  when  the  model  was  rerun  with  a  dwell  time  closer  to  that 
used  by  the  subjects.  A  decislon-by-decision  comparison  between  the  model  and 
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each  of  the  subjects  indicated  that  decisions  of  the  subjects  were  not  sb 
strongly  correlated  with  the  display  state  and  the  discrete  task  as  the  model, 
The  fact  that  the  subjects  did  not  act  as  decisively  as  the  model  on  the 
relevant  information  might  be  attributable  to  risk-averse  behavior. 

Future  work  will  apply  these  results  to  the  analyses  and  interpretation 
of  an  experiment  in  which  subjects  will  be  required  to  divide  their  attention 
between  a  monitoring  activity  and  a  mere  realistic  discrete  task  in  which  they 
will  have  to  key  in  numeric  data. 
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ABSTRACT 


This  study  will  consider  a  measure  of  human  control  effort  In  a 
tracking  task  which  Is  not  productive  In  the  minimization  of  the  closed 
loop  tracking  error.  To  determine  this  measure  of  control  activity,  a 
Kalman  filter  Is  used  In  this  modeling  approach  to  estimate  the  stick 
output  of  the  human.  Using  the  Kalman  filter  estimate,  the  stick  signal 
Is  decomposed  Into  two  components.  One  component  of  the  stick  signal  Is 
correlated  with  the  closed  loop  error  signal;  the  second  component  Is 
orthogonal  to  the  closed  loop  error  signal.  Using  phasor  representation, 
these  stick  components  are  multlpled  by  the  system  to  be  controlled  (as  a 
phasor)  and  reversed  In  sign  to  see  the  effect  of  the  stick  output  on  the 
error  signal.  After  rotating  and  translating  the  component  vectors,  the 
true  stick  power  orthogonal  to  the  error  signal  Is  determined. 

In  studies  related  to  learning,  It  Is  hypothesized  that  If  large 
amounts  of  control  activity  are  not  productive  In  the  tracking  task, 
the  subject  may  be  in  the  preliminary  stage  of  a  learning  process.  As 
the  subject  becomes  more  acquainted  with  the  task,  his  measure  of  control 
activity  correlated  with  the  reduction  of  closed  loop  error  should  Increase. 
This  aspect  of  learning  provides  an  Interesting  Interpretation  of  human 
response  behavior.  To  relate  this  modeling  procedure  to  empirical  data, 
a  motion  cue  time  delay  experiment  was  considered.  In  the  motion  study, 
all  subjects  tracked  the  same  vehicle  dynamics  but  with  various  amounts 
of  motion  cue  Information  as  a  result  of  delaying  the  motion  response  of 
the  simulator  by  different  amounts.  For  Increased  delays,  tracking 
performance  was  worse  and  the  subjects  rated  the  task  more  difficult, 

This  empirical  data  base  provides  a  unique  opportunity  to  Investigate 
several  possible  measures  of  human  control  effort  not  productive  In  the 
tracking  task.  This  measure  of  control  activity  Is  studied  with  respect 
to  the  learning  conditions  In  this  experiment. 

Introduction 


Investigations  of  human  operator  modeling  during  learning  has  been 
of  Interest  In  many  studies.  In  [2,  3]  an  Investigation  of  how  performance 
changes  due  to  the  learning  In  the  tracking  task  was  conducted. 
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In  £1]  a  Kalman  filter  was  used  to  determine  measures  of  human  Invariance 
In  the  tracking  task.  It  can  be  shown  that  these  results  can  be  extended 
to  Include  measures  of  orthogonality  In  tracking.  It  Is  the  purpose  of 
this  study  to  extend  the  previous  results  and  to  Investigate  how  these 
measures  change  as  a  function  of  learning.  This  provides  a  unique 
opportunity  to  study  human  behavior  as  a  function  of  how  the  human  learns 
the  tracking  task. 


Figure  (1)  Illustrates  the  type  of  modeling  approach  that  will  be  used 
here.  With  respect  to  Figure  (1),  a  post-experimental  analysis  of  the 
input-output  time  series  associated  with  the  human  operator  will  be 
conducted,.  The  Input  time  series  Is  assumed  to  be  functions  of  e(t),  the 
closed  loop  system  error.  The  output  of  the  human  u(t)  will  be  modeled 
via  the  Kalman  filter  program.  Figure  (2)  Illustrates  the  updating 
procedure  to  obtain  the  Kalman  filter  parameters, 


With  reference  to  Figure  (2),  the  Inputs  to  the  model  are  functions 
of  the  time  series  e(t)  (the  displayed  error  signal).  The  purpose  of  this 
modeling  approach  Is  to  choose  model  parameters  such  that  the  model's 
output  £(t)  Is  an  accurate  representation  of  the  measured  stick  response 
of  the  human.  The  measure  of  modeling  accuracy  Is  expressed  In  the 
residuals  or  output  modeling  error  v(t)  whIJi  satisfies: 

v(t)  -  u(t)  -  x(t)  (1) 

If  the  model  Is  appropriately  fitted  to  the  data,  then  v(t)  should 
be  a  random  white  process  which  satisfies: 

mean  [  v(t)  3  ■  E[v(t)3  ■  0  (2) 

var  [v(t)3  ■  E[v(t)v^(t)3  ■  R  S ( t- t )  (3) 

It  will  be  necessary  In  the  subsequent  analysis  to  test  v(t)  for 
whiteness  and  determine  R  of  equation  (3).  If  v(t)  Is  a  random  white 
process,  then  the  expected  value  of  the  model  Is  equal  to  the  expected 
value  of  the  human's  output. 


In  Figure  (2),  It  Is  desired  to  update  the  model  parameters  In  such 
a  way  that  the  Innovations  sequence  v(t)  Is  a  white,  random  process. 

The  method  of  updating  the  parameters  Is  based  on  an  algorithm  [4]  which 
Is  actually  a  maximum  llkllhood  procedure.  In  this  manner  a  unique  value 
of  the  optimal  gain  can  be  determined  which  maximizes  the  probability 
density  function  of  the  structure  of  the  assumed  model  based  on  all  the 
available  data  points. 
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With  reference  to  Figure  (2),  a  Quasl-1 Inear  human  operator  model 
will  be  assumed  In  this  approach.  The  human's  Input-output  characteristics 
are  described  by: 

x(t)  ■  A  x(t)  +  B  ?(t)  +  C(t)  (4) 


where  x(t)  Is  a  2x1  dimensional  column  vector  with  two  components  defined 
as  follows: 

A 

Xj(t)  ■  u{t)  (6a) 

x2(t)  ■  *  u(t)  (Bb) 


c( t)  Is  a  2x1  dimensional  white  Gaussian  noise  source  with  mean  zero 
and  covariance  Q.  The  2x2  dimensional  matrices  A  and  B  are  to  be 
determined.  The  2x1  column  vector  T(t)  satisfies: 

The  empirical  time  series  v(t)  Is  determined  from  values  of  the  empirical 
data  e(t)  and  by  using  a  delay  of  t  units,  i(t-t)  Is  obtained  via  a 
digital  filter  processed  on  the  data  and  t  Is  approximated  from  the  Bode 
plot  of  the  transfer  characteristics  of  the  human  operator(c,f .  Figure  (3)). 
Using  mean  values  of  equation  (4),  a  transfer  function  representation  Is 
desired  of  the  form: 

V*>  ■  Si}  ■  i(.'b‘>iu+c)  '  (7> 

where  u  ■  E[  u(t)]3 

d  Is  the  d.c.  gain,  a  zero  occurs  at  a  radians/second,  and  the  poles  are 
at  b  and  c  radians/second  represent  typical  second  order  characteristics 
of  the  human.  Second  order  characteristics  appear  to  be  sufficient  to 
describe  a  human  operator  for  the  modeling  purposes  [5,  6].  Taking  the 
Laplace  transform  of  the  mean  value  of  equation  (4)  shows  the  parameters 
d,  a,  b,  and  c  must  satisfy  the  following  relationship: 

v» ■  ft}  [1] r*  (•> 
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Appendix  (A)  Illustrates  the  manner  In  which  the  A  and  B  matrices  are 
constructed  such  that  the  representation  In  equation  (7)  can  be  chosen 
from  a  Bode  plot  and  the  relationship  (8)  will  be  satisfied.  Figure  (3) 
Illustrates  a  typical  Bode  plot  averaged  across  replications  In  the /frequency 
domain  of  the  describing  function  of  the  human  for  one  experimental  condition 
of  the  data  considered  In  this  paper.  In  this  paper  the  assumption  will  be 
made  that  the  spectra  of  u(J^)  can  be  approximated  by  the  spectra  of  u(ju). 
From  Inspection  of  equation  (4)  It  Is  seen  that  the  two  time  series  differ 
by  a  low  pass  noise  process.  Since  the  describing  function  fit  Is  deter¬ 
mined  In  the  low  frequency  region,  the  dynamics  of  equation  (7)  are  chosen 
below  the  poles  of  [SI-A]"1  which  Is  consistent  with  this  assumption  [7], 

With  reference  to  equation  (4),  It  Is  desired  to  estimate  x(t).  To  achieve 
this  goal,  a  Kalman  filter  will  be  used.The  measurement  equation  to  complement 
equation  (4)  Is  given  by: 

y(t)  ■  u(t)  +  n(t)  -  Hx(t)  +  n(t)  (9) 

which  Implicitly  assumes  that  the  human  has  available  linear  combinations 
of  the  error  signal  and  the  rate  of  the  error  signal  through  his  various 
sensor  processes  (this  Is  easily  seen  to  be  true  by  solving  equation  (4) 
and  substituting  x(t)  Into  (9),  c.f.  Appendix  A). 

In  order  to  apply  this  Identification  procedure,  the  linear  differential 
equation  (4)  will  be  used  with  the  measurement  equation  (9).  The  time 
series  e(t)  Is  delayed  t  units  and  the  vector  e(t)  is  determined  and  used 
In  the  Identification  procedure.  Under  these  assumptions,  the  Kalman  filter 
equation  Is  then  specified  by: 

x(t)  ■  A  x(t)  +  K  v(t)  +  B  e(t)  (10) 

where  x(t)  Is  a  2x1  column  vector  which ^represents  the  best  linear  least 
squares  (minimum  variance)  estimate  of  x(t)  based  on  the  available  measure¬ 
ments  y(t).  x(tQ)  satisfies  an  unbiased  condition: 

x<t0)  -  0  (11) 

The  Kalman  gain  K  satisfies: 

K  -  P  HT  fT1  (12) 

where  P  Is  the  steady  state  solution  to  the  following  Rlccatl  equation: 

P  -  PA  +  ATP  -  PHTlf1HP  +  Q  (13) 
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The  optimal  gain  Is  the  principal  part  of  the  discrete  Kalman  filter 
model  which  Is  described  by: 

*1+1/1*  *  *1/1  +  J0  eATdTBcol[e(t),e(t)J  (14) 

*1/1  "  *1/1-1  *  Ko  Cy1  “  H  *1/1-1-) 

Where  x*/<  Is  the  minimum  variance  estimate  of  the  human's  stick  response. 
The  matrix*  Is  the  discrete  transition  matrix  associated  with  the  human's 
transfer  function  determined  as  follows: 


where  At  ■  ,04  seconds, (the  sampling  rate)  and  the  matrix  A  Is  determined 
from  the  relationship  (8)  (see  Appendix  A). 

The  matrix  H  In  equation  (9)  Is  specified  by  H«[1,0].  The  Kalman  gain 
KQ  satisfies: 

Kj,  -  P  HT  (HPHT  +  R)"1  (16) 

P  ■  *  [P-PHT(HPHT  +  R)’1  HP]*1  +  Q  H7) 


Where  the  covariance  matrices  Q  and  R  describe  the  human's  uncertainty 
In  the  tracking  task.  The  manner  of  obtaining  the  Q  and  R  matrices 
Is  based  on  the  algorithm  In  [43.  Initial  matrix  values  denoted  as  Q0 
and  P  are  chosen.  In  order  to  establish  the  updating  rule,  It  Is  necessary 
to  derlne  the  sample  covariance  function: 

L't!  £k  "ir  s  v(v!k  <18l 

1-k  1  1  K 

Is  a  sample  covariance  function.  The  matrices  R  and  Q  are  now  updated 
[4]  via: 

Rk  -  C0  -  H(PkHT)  (19) 

T  P  ‘ 

where  Pk  HT  -  KQ  CQ  +  A*  Si  (20) 

C2 

U  J 

where  A*  «  (A  A)"'1  A  ) 


•  Ah 
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(22) 


1 


* 


i 

i 

i 


I 


and  J 


m 

[H$  (I-K0H)^ 


and  finally  Q  Is  determined  via: 


Qk  ■  P  -  M<RkKV  *  ♦d-KH)P(I-KH)V  (23) 

This  algorithm  has  bean  shown  to  converge  [4]  and  Is  equivalent  to 
maximizing  the  log-likelihood  function  of  the  model  structure  conditioned 
on  the  date.  For  this  problem  the  log-likelihood  functional  Is 
specified  by: 

N  -1 

j(e)  ■  -(1/2)  i  CvT(tt,d)  C0  v(t1(0)  +  log  |c0|  3  (24) 


Where  N  Is  the  number  of  samples.  The  t,  In  equation  (24)  refers  to 
the  time  Instants  where  the  N  data  samplis  occur.  The  choice  of  parameters 
0-9  (Q,R)  which  maximizes  d  Is  equivalent  to  maximizing  the  density 
function  of  the  parametric  form  conditioned  on  the  data. 

The  final  validation  of  this  modeling  effort  Is  the  need  to  test  the 
residuals  for  whiteness,  To  accomplish  this  goal  the  normalized  auto 
correlation  function‘d  Is  computed  as  follows: 

A  A 

pk  "  ck 

K  (25) 

Co 

The  test  of  whiteness  of  the  residuals  Is  a  951!  whiteness  test  on  pk. 

The  9S%  confidence  limits  for  pk  are  1,96/ V7T where  N  Is  the  number  of 
samples.  The  band  +1.96/V7I  Is  constructed  about  zero.  If  less  than  5* 
of  the  sample  point?  lie  outside  the  band,  the  sequence  Is  white.  If  more 
than  5X  of  the  sample  points  lie  outside  the  band,  then  a  significant 
correlation  exists  In  the  residuals  and  the  sequence  Is  not  white. 

Figure  (4)  Illustrates  the  sample  auto-correlation  function  obtained 
here  from  the  data  after  the  residuals  have  been  whitened  via  this 
algorithm,  A  description  of  the  empirical  data  base  Is  presented  next, 

The  Time  Delay  Experiment 


In  an  effort  to  study  the  effects  on  learning  and  performance  of 
delaying  motion  cues  to  the  human  operator,  a  time  delay  experiment  was 
conducted  with  respect  to  studying  motion  effects  on  the  human  operator. 
Figure  (5)  Illustrates  the  experiment  considered  here.  A  disturbance 
type  Input  f(t)  was  chosen  for  this  experiment  since  this  Is  where  the 
motion  effects  are  most  pronounced,  Five  experimental  condition  were 
considered,  The  static  condition  consisted  of  tracking  the  disturbance 
Input  for  a  plant  specified  by: 


H(s) 
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TsT 


5 

CT+5T 
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•  ,065s 


(26) 


730 


imuk 


.'$i 


i.e.  due  to  the  analog-digital  Interface,  there  existed  a  delay  of  65  msec 
In  processing  the  feedback  signal  to  the  display  In  the  static  condition. 
With  reference  to  Figure  (5),  four  motion  conditions  were  considered. 

The  synchronous  motion  condition  was  accomplished  by  rotating  the  tracker 
In  the  roll  axis  due  to  his  stick  movements.  The  rotation  was  delayed 
65  msec  until  the  display  and  physical  rotation  coincided.  Three  other 
motion  conditions  were  also  considered.  The  motion  loop  was  delayed 
80  msec,  200  msec,  and  300  msec  to  produce  distorted  motion  cues  to  the 
human  operator.  These  delays  were  in  addition  to  the  65  msec  due  to 
the  analog-digital  processing  time, 

Table  1  was  constructed  which  Is  based  on  ensemble  mean  scores  of 
subjects  Involved  In  the  experiment. 


Table  I  Asymptotic  Training  Scores 


EXP  CONDITION 

ASYMPTOTIC* 
ms  ERROR  (decrl 

STATIC 

32.9 

SYNCHRONOUS  MOTION 

7.5 

MOTION  80ms  DELAY 

11.3 

MOTION  200ms  DELAY 

27.3 

MOTION  300ms  DELAY 

39.6 

From  Table  I,  one  can  study  the  effect  of  motion  on  performance  by 
comparing  the  synchronous  motion  score  to  the  static  score.  Also  a 
delay  of  200  msec  to  300  msec  produce  a  significantly  degrading  effect 
such  that  motion  In  this  mode  Is  no  better  than  the  static  score.  As 
a  result  the  Improvement  due  to  motion  Is  cancelled  by  a  delay  of 
approximately  250  msec. 

The  Interesting  aspect  of  this  experiment  can  be  seen  In  the  learning 
period  scores.  Figure  (6)  Illustrates  these  values  for  the  subjects  Tom 
and  Cathy. 

It  Is  from  this  type  of  learning  curve  that  It  Is  desired  to  study  this 
effect  In  conjunction  with  the  modeling  procedure.  First  the  subject  Tom 
on  days  2,  5,  and  9  Is  considered  for  the  static  condition.  The  subject 
Cathy  Is  chosen  for  the  200  msec  delay  condition  during  days  numbered  2, 
6,  and  10,  It  Is  from  this  type  of  data  base  that  we  wish  to  determine 
measures  of  human  response  orthogonal  to  the  task  or  goal.  We  next 
discuss  how  to  determine  these  orthogonal  measures, 

Determination  of  Orthogonal  Measures 

With  reference  to  Figure  (7).  the  man-machine  problem  Is  viewed  In  a 
phasor  framework,  Denoting  E< ju>)  as  the  phasor  representation  for  the 
error  vector,  Figure  (fl)  Illustrates  the  projection  of  the  plant's  output 


I*-- 


X(jw)  Into  two  components  X^ju)  and  X2(ju),  For  simplicity  we  denote  as  x(t) 
the  plant's  output  due  only  to  the  human  control  action  u(t)  (see  bottom  of  p. 

X-,  ( t)  +  Xg(t)  ■  x(t)  (27) 


If 


M 


E  {Xjft}  «(t))  ■  0 


(28) 


Where  x,(t)  represents  that  part  of  the  plant's  output  orthogdnal  to 
e(t).  Since  x.(t)  represents  that  portion  of  the  plant's  output  not 
useful  In  tracking,  the  question  Is  raised  as  to  what  portion  of  the 
human  response  vector  u(t)  gave  rise  to  X|(t)  and  x2(t),  In  other  words* 

u(t)  ■  ujft)  +  u2(t)  (29) 

Where  u.(t)  Is  that  portion  of  the  human's  stick  response  that  produces 
Xj(t),  Figure  (9)  Illustrates  the  total  phasor  diagram.  In  Figure  (9), 
the  stick  response  phasor  ll(jw)  Is  decomposed  into  components  uh  and  u 
which  are  orthogonal  and  correlated,  respectively,  with  the  error  phasor 
E(ju).  Since: 

X(Jw)  -  H  U  U u1  +e«)  (30) 

which  represents  the  plant  output  phasor  X(jw).  It  Is  of  Interest  here 
to  determine  what  component  of  the  human  stick  response  gives  rise  to 
X,(ju)  where: 

X(jw)  ■  Xj(ju)  +X2(JU)  (31) 

and  E  (e(t)  (t) >  ■  0  (32) 

In  other  words,  If:  u(t)  ■  u3(t)  +  u2(t)  (33) 

where  u,(t)  Is  that  part  of  the  stick  output  which  produces  x,(t)  which 
Is  orthogonal  to  the  error.  This  Is  a  measure  of  non- productivity  control 
activity  not  dlractly  applicable  to  improving  the  task  at  hand.  With 
reference  to  Appendix  A,  u1 (t)  can  be  determined  as  follows: 

u3(t)  -  H  J*(t,s)K(s)v(s)ds  +  Hv(t)  +n  (t)  (34) 


and  It  can  be  shown: 


u2(t)  «  H  JJu.sjB  e($)  ds 


(35) 


To  determine  the  stick  power  not  productive  In  the  tracking  task,  a 
spectra  analysis  procedure  Is  combined  with  the  Kalman  filter  program 
as  follows: 

(1)  Using  the  Kalman  filter  program,  the  stick  output  u(t)  Is 
decomposed  Into  one  component  correlated  with  the  error  vector  (u  (t)) 
and  a  second  component  (u^(t))  orthogonal  to  the  error  vector.  a 

(2)  A  spectra  analysis  Is  conducted  of  ujjw)  and  uh(ju>)  to  determine 

the  power  at  each  frequency,  ■  0 
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(3)  Using  the  transfer  function  of  the  plant,  the  magnitude  of  the 
plant  transfer  function  and  phase  shift  at  each  frequency  Is  determined. 

(4)  Using  the  spectra  of  u#(jw)  and  %(Jw)  the  phaeoxe  are  shifted 
In  Figure  (9)  and  X^jw)  and  X2fjw)  are  determined.* 

From  this  procedure,  the  stick  output  u,(t)  which  produces  no  productive 
effect  on  the  error  signal  can  be  determined  for  each  experimental 
condition.  It  Is  emphasl2ad  that  the  Kalman  filter  Is  required  to 
Initially  generate  u  and  ub  which  Is  used  to  determine  x,  and  x*. 

The  next  section  discusses  the  results  obtained  from  this  empirical 
data  base. 

Results  of  This  Analysis 

Table  II  and  III  Illustrate  the  results  of  this  analysis  for  the 
subjects  Tom  and  Cathy.  The  term  S/N  Is  calculated  as  follows: 


Table  II 
STATIC  -  TOM 


DAY 

EXP 

ERROR 

P11 

v2 

S/N 

:M| 

2 

76 

47.00 

73 

8.8185 

* 

87*.  49 

.0044 

5 

240 

35.42 

35 

8.0841 

95.543 

.0037 

9 

473 

33.65 

54 

7,8281 

115.18 

.0034 

Table  III 

200.0  ms  DELAY- CATHY 


DAY 

EXP 

ERROR 

P11 

v2 

S/N 

2 

142 

59.11 

74 

17.5102 

104,16 

5 

245 

35.63 

95 

11.94 

105.22 

10 

513 

30.25 

87 

10.548 

117.494 

.0072 


.0062 


.0055 


*  It  Is  noted  that  In  this  procedure  we  Ignor  the  plant's  response  to 
the  disturbance  Input  s turbance *  The  true  Plarit  outPut  has  a  comP°n" 

ent  due  to  u(t)  and  also  to  ^Disturbance*  We  stuc^  *°  on^ 

analyze  the  effect  on  the  error  signal  e(t)  of  the  response  characteristics 
that  are  due  to  u(t). 


Hrr.Vty  ' 


S/N  = 


(36) 


N  *  2 

t  (u(tj)2 
1-1  1 

N - 2 - 

I  v2(t.) 

1-1  1 

l.e.  It  Is  a  measure of  signal  to  noise  characteristics  of  the  human 
operator.  The  term  v  Is  a  measure  of  the  correlation  of  the  human's 
output  with  the  Input  vector  e(t).  The  residuals  v(t)  are  the  Identified 
residuals  from  this  modeling  process.  The  quantity  R.  is  the  sample 
output  noise  covariance,  l.e. 


n  2 
E  VZ(ti) 
1-1  1 


Which  Is  a  measure  of  human  randomness.  The  term  P11  Is  the  number 
of  points  In  the  sample  (N-1200)  outside  the  range  of  whiteness  by  the 
finite  data  whiteness  test  Illustrated  In  Figure  (4)  .  For  a  95X  whiteness 
test,  the  F  ratio  test  requires  that  no  more  than  (.05)  ( 1 200 )«60  samples 
of  the  normalized  auto  correlation  function  be  greater  than  1.96/  VTTotf. 
This  Is  displayed  In  Figure  (4). 

The  results  of  Tables  II  and  III  Illustrate  soma  Interesting  results 
relating  learning  and  tracking  performance.  In  the  static  case  for 
the  subject  Tom,  as  learning  Improved  (days  2,  6,  and  9),  the  values  of 
the  residuals  (ev<)  decreased  Indicating  more  certainty  In  tracking. 
Correspondlyjthe  S/N  ratio  Improved  Indicating  a  more  certain  tracking 
strategy.  This  result  concurs  with  Increasing  pilot  gain  [2,  3]  as  the 
subjects  became  more  acquainted  with  the  tracking  task. 

For  the  200  msec  delay  condition,  the  subject  Cathy  exhibited  the 
same  trends  In  tracking  performance  as  the  asymptotic  levels  were  reached. 
The  sum  of  the  squared  residuals  continuously  decreased  and  an  Improvement 
In  S/N  resulted.  One  could  use  the  measure  of  S/N  developed  here 
for  the  relative  tracking  accuracy  of  a  subject.  It  Is  noted  that  this 
measure  Is  obtained  In  the  time  domain  as  contrasted  to  frequency  domain 
measures  used  In  other  approaches. 

As  a  measure  of  learning  or  efficiency  In  tracking,  the  following 
measure  was  proposed: 


0 


£  Power  u^  (wj) 

L-i _ 


Power  in  u(w„) 
1-1  • 


C38) 
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where  n  denotes  the  number  of  frequencies  In  which  enough  power  exists 


of  sufficient  magnitude  to  be  Included  In  the  estimate.  From  this  measure, 
If  d«l ,  then  the  entire  stick  response  Is  uncorrelated  with  reduction  of 
the  error.  If  J»0,  then  the  total  stick  output  Is  productive  in  reducing 
the  error.  Table  V  illustrates  the  values  of  d  obtained  here: 


Table  V 


SUBJECT 

DAY 

ERROR  SCORE 

J  CALCULATED 

TOM 

2 

47.00 

.40 

TOM 

5 

3S.42 

.32 

TOM 

9 

33.65 

.27 

CATHY 

2 

59.11 

.45 

CATHY 

6 

36.63 

.34 

CATHY 

10 

30.25 

.29 

It  is  noted  that  for  the  static  case,  as  the  subject  Tom  becomes  more 
familiar  with  the  tracking  task,  J  decreases  to  a  more  efficient  value. 
Likewise  In  the  200  msec  delay  condition,  the  subject  Cathy,  also 
decreased  her  J  value  as  learning  Improved.  This  merely  reflects  the 
percentage  of  stick  power  useful  for  this  tracking  task.  The  remaining 
stick  power  (.27  and  .29  for  Tom  end  Cethy,  respectively)  Is  necessary 
to  obtain  monitoring  and  motion  or  vision  cues  from  the  closed  loop 
system.  This  certain  amount  of  control  activity  not  productive  In 
tracking  Is  beneficial  to  the  human  operator  for  monitoring  and  decision 
making. 


Summary  and  Conclusions 


A  study  Is  being  conducted  to  measure  how  much  of  human's  output  Is 
not  productive  In  tracking,  A  ratio  Is  obtained  on  the  percent  of  the 
human  operator  power  not  used  In  the  tracking  task.  It  Is  noted  that 
as  learning  the  task  Improves,  the  human  uses  these  correlated  components 
more  productively. 
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It  Is  desired  to  relate  the  transfer  function  In  equation  (7)  .Into 
a  state  formulation  In  equation  (4),  The  state  formulation  (4)  requires 
that  the  pair  [A,B]  Is  completely  controllable  and  [A,H]  Is  completely 
observable  In  order  to  use  the  algorithm  In  [4],  Equation  (7)  Is  written 
In  the  form: 


d(s+i 


s  +s(b+c)+bc 


(A.l) 


In  the  time  domain,  a  steady  state  representation  of  (A.l)  would  be  of 
the  form: 

^2  *(t>  +  IT(t)[b+eJ  +U(t)[bc]  •  ad  eT(t)  +  d  j-de^-j  (A. 2] 

where  et(t)  ■  eft-r)  which  Is  the  stored  values  of  the  empirical  data, 
choose  for  state  variables: 


X| ( t)  «  TJ(t) 

(A. 3a) 

xgtt)  *  d  H(t) 
at 

(A. 3b) 

Then 

It  *1  "  *2 

(A. 4a) 

|f  x2  -  -x2lb+c]  -  Xj[bc]  +adeT(t)  +  d  eT(t) 

(A. 4b) 


4  pc^tr  “0  ,  1  -^(tf  0,  0  "  eT(t)“ 

U(t2  _Ja21  *  “*2J-  _b21 »  b22_  ®T^1. 


where  82] "be.  a22**b+c,  b^-ad,  and  b 22»d 

The  complete  controllability  conditions  are  checked  as  follows: 


(A. 5) 
(A. 6) 


[B,AB]  -  0  * 

_b21, 


b22.  -a22b 


b21*  b22 
21  *  "a22b22> 


2  (A. 7) 
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Thus  if  b5l  *  0,  b99  4  0,  a29  /  0  guarantees  ths  complete  controllability 
condition!! 

Referring  to  (A.1),  this  requires  a/»0*  di*0,  bAc  t  0  which  Is  satisfied  by 
the  Bode  plot  construction. 


The  complete  obserablllty  conditions  require  that: 
rank  L«T  ,  ATNT]  -  [J;  f]  -  2 


(A. 8) 


which  Is  always  true.  Finally  It  Is  noted  from  (A. 6)  that  a2i>0  and 
a„>0  If  b  and  c  are  chosen  from  the  Bode  plot,  Hence  the  A  matrix  Is 
suitable  matrix.  From  [43  it  Is  ensured  that  the  algorithm  will  converge 
to  a  unique  minimum. 

Appendix  B  -  Orthogonality  Relationships  of  The.  Kalman  Filter 

It  Is  desired  to  decompose  y(t)-uU)+n(t)  Into  two  parts.  One  part  y  (t) 

Is  correlated  with  the  error  signal  e(t)  and  the  second  part  y0(t)  Is 
orthogonal  to  the  error  signal.  To  determine  these  components*  the  solution 
to  equation  (7}  can  be  written t 

x (t)  ■  p  *(t,s)K(s)v(s)ds  +  p  *(t,s)Be(s)  ds  (B.l) 

Jto  Jto 


where  $(t,t6)  satisfies: 


*(t0,t0)  -  I 

^  “  A  ^lt,t0) 


(B.R) 


(B.3) 


with  reference  to  equation  (9),  y(t)  can  be  written: 
y(t)-u(tj+n(t)  "  Hj1  <Mt,s)K(s)v(s)ds  +  Hj1  $(t.s)Be(s)ds  (B.4) 

*0  U  *0 
+Hv(t)+n(t) 


and  Inspection  of  equation  (B.4)  yields: 
xe(t)  -  ye(t)  -  H  p  t(t,s)Be(s)ds 


(B.Ba) 


$(t,s)K(s)v($)ds  +  H  v(t)  +  n( t) 


(B . 5b) 


and  "  yo(t)  "  KPt 

Jto 


The  decomposition  (B.5a-b)  Is  easily  seen  to  be  true  because  of  the 
result! 

E7*oe^  •U)j  "  0  follows  (B.6) 


From  the  whiteness  property  of  v ( t) .  Hence  the  expression  (B.5b)  Is  the 
desired  orthogonal  decomposition  and  can  be  computed  In  real  time,  In  the 
computer  Implementation,  xjt)  Is  first  computed  using  (B.5a).  To  compute 
xoe,  the  relationship  -  x|  Is  used. 


With  reference  to  equations  (8,5,  B .6 J  and  Figure  (9),  It  Is  desired  to 
compute  a  measure  of  learning  from  variables  determined  by  the  Kalman 
filter.  From  Figure  (9),  the  error  slonal  E(w)  Is  known!  also  available 
are  the  stick  components  ua(wj)  and  ujw.|)  which  satisfy  for  each  uj: 


u(w1 )  ■  W  +  JU|jC«l>-  (c.l) 

end  E  (ub(w1 )  e(u{)}  -  0  (C.2) 

The  human's  output  u(t),  however,  Is  processed  through  the  plant  H(s). 
Using  phasor  notation  the  plant  Is  written  as: 

H(S)  -  H(Ui)  i.02(Wl)  (C.3) 

for  each  frequency  uj.  Writing  u(wj)  In  phasor  notation  yields: 

u(uj)  ■  i(Ul)  (C.4) 

The  component  of  the  error  signal  due  to  the  hand  response  becomes 
(Figure  (9)): 

®5tick  *  [u(w^)4^  <|  )£©  g^i )  (C.5) 


est1ck  "  ^ )  l*  C^U.,)  •♦■©2 (u>^ ) 3 


(C..6) 


With  reference  to  Figure  (9)  the  decomposition  of  H  u(i^)  projected  on 
the  error  axis  can  be  written: 


“  ft 

^correlated  ■ 

F-c 

"  U2(u>j) 

(C.7) 

U  A 

orthogonal  ■ 

r+cT 

■  u1 (Ul) 

(C.8) 

In  terms  of  e  ,  u1  and  u2 

this  can  be  written: 

U  Correlated  * 

ua  cos 

®2  —  ub  *1n  ©2 

■  F-F«u2 

(C.9) 

U  ftorthogonal  ■ 

ya 

©2  +  ub  Cos  ©2 

■  a+F"Uj 

(C.10) 

where  ©2  I*  the  angle  of  H(s)  at  sBw.|.  To  determine  (C.9)  and  (C.10) 

Spectra  are  obtained  of  U«(uii)  and  Mw. )  from  the  Kalman  Filter  using  the 
transfer  function  of  the  plant  [8],  the'phasor  diagram  Is  constructed  for 
a  frequency  range  less  than  2  H  .  The  components  ua(“i J  and  Mttj) 
are  computed  for  each  uj  (knowing  the  phase  angle  shift,  and  magnituae 
change  due  to  the  plant;.  Summing  the  power  in  ui(w,)  over  the  frequencies 
gives  the  stick  power  not  productive  In  reducing  tne  error  signal. 

The  measure  of  learning  In  this  task  is  chosen  as: 

0.  s  2  Power  [  u,(w.)]  /  £  Power  [u(wj]  (C.ll) 

1  1-1  1  1  /  1*1  1 


Where  n  Is  the  number  of  frequencies  chosen  and  Is  a  measure  of  the 
percent  of  the  stick  output  not  productive  In  the  task  of  reducing  the 
error  signal.  This  Is  wasted  effort  which  does  not  actively  help  In 
the  tracking  task. 
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Figure  (2)  -  A  Quasi- 
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Figure  C3)  -  The  Motion  Experiment. 
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Optimal  System  Augmentation 
For  a  Tracking  Task  With 


Hloh-Order  Dynamics 
by 


David  K.  Schmidt 

School  of  Aeronautics  and  Astronautics 
Purdua  University 
Mast  Lafayatta,  Indiana  47907 

ABSTRACT 


In  a  previous  paper,  tha  theoretical  development  of  an  augmentation 
synthesis  methodology  was  presented.  The  method  utilizes  the  optimal 
control  model  (OCM)  of  the  human  (pilot),  and  applies  optimal  control  theory 
to  synthesize  the  control  laws  (vehicle  augmentation)  compatible  with  the 
pilot's  objectives  and  capabilities.  To  maximize  the  pilot  acceptance,  the 
pilot's  objective  function  Is  used  not  only  In  the  development  of  the  pilot 
modal,  but  also  in  the  augmentation  design.  The  problem  then  Involves  the 
simultaneous  solution  of  two  coupled  optimal -control  problems. 

In  this  paper,  the  method  has  been  used  for  tha  development  of  Integrated 
fire  and  flight  control  laws  for  augmenting  the  air-to-air  tracking  task. 

This  task  was  previously  addressed  experimentally  and  analytically  (via  pilot 
modeling)  for  the  longitudinal  axis  only.  In  the  work  to  be  presented,  these 
previous  results  for  pitch  tracking  will  be  reproduced,  and  then  a  family  of 
control  laws  developed,  tracking  Improvements  predicted,  and  system-dynamic 
augmentation  discussed.  The  plant  dynamics  will  not  only  Include  the  vehicle 
rigid  body  dynamics,  but  the  dynamics  of  several  lead-computing  sights.  The 
lead-computing  optical  sight  (LCOS)  as  well  as  a  perfect  director  sight  at 
two  tracking  ranges  and  two  levels  of  rms  target  activity  are  considered. 

An  Interesting  result  Is  the  relationship  between  the  desired  vehicle 
dynamics  (e.g.,  short  period)  and  the  sight  dynamics,  demonstrating  the 
Importance  of  considering  all  the  dynamic  elements  In  developing  handling 
qualities  specifications,  for  example. 
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AN  ECLECTIC  REFORMULATION 


OF  FLYING  QUALITIES 


E.  D.  Onatott 
W.  H.  Faulkner 


Northrop  Corporation 
Air  or  aft  Group 
Hawthorne,  California 


ABSTRACT 

The  development  of  high  authority  and  non-atandard  oontrol  configurations  haa 
led  to  alror aft  design*  that  oannot  be  well  correlated  with  the  existing  flying  qualities 
data  base.  For  the  subjeot  of  flying  qualities  to  be  responstvo  to  ourrent  needs  In  air¬ 
craft  design  and  procurement,  an  eoleotlo  reformulation  of  the  subjeot  Is  required. 

This  paper  presents  one  approach  that  allows  muoh  greater  freedom  In  problem  formu¬ 
lation  and  suggests  ways  to  free  the  subjeot  area  from  the  domination  of  specialized 
methodologies. 


INTRODUCTION 


The  authors  have  recently  completed  a  study  for  the  USAF  Flight  Dynamics 
Laboratory  which  resulted  In  the  documentation  of  a  comprehensive  aooount  of  one 
particular  approach  to  the  prediction,  evaluation,  and  specification  of  flying  qualities. 
This  time  history  simulation  technique  was  not  Intended  to  replace  or  render  obsolete 
other  flying  qualities  approaches t  rather  It  was  initially  developed  to  analyze  problems 
that  were  not  amenable  to  study  by  linear  or  tlme-lnvartant  means.  Since  the  publica¬ 
tion  of  the  oontraot  report,  AFFDL-Tfl-78-3,  the  authors  have  received  a  number  of 
comments  that  Indicate  two  widespread  difficulties  i 

e  The  subjeot  of  flying  qualities  la  often  defined  by  Its  praotltloners  in  terms 
of  existing  analytical  and  test  methods. 

e  It  Is  difficult  for  new  approaches  to  the  subjeot  to  be  properly  understood  In 
relation  to  the  existing  technology. 

It  Is  the  object  of  this  paper  to  Indicate  how  the  subjeot  of  flying  qualities  In¬ 
herently  contains  the  means  to  overcome  the  limitations  of  established  methodologies 
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•o  that  a  fully  eclectic  capability  will  be  available  for  the  study  of  airoraft  now  being 
designed.  Two  things  will  be  presented: 

e  A  dlaoueslon  of  how  flying  qualities  can  be  defined  with  reapeot  to  Its 
functions:  evaluation,  apeolflcatlon,  and  prediction. 

e  An  Indication  of  how  the  definitions  and  subject  requirement!  of  flying 
qualities  can  be  Interpreted  In  terms  of  speolflo  methods  of  testing,  speci¬ 
fication,  analysis,  and  predlotlon . 

Conventional  flying  qualities  practice  Implicitly  depends  on  the  almost  universal 
dynamic  similarities  of  flxed-wlng  aircraft.  This  allows  a  direct  comparison  of  air¬ 
frame  dynamics  that  are  easily  oaloulated  and  correlated  with  operational  experience. 
However,  the  recent  development  of  high  authority  oontrol  systems  which  tend  to  ob¬ 
scure  the  baslo  airframe  dynamics  Implies  that  the  conventional  airoraft  comparisons 
are  no  longer  sufficient  as  the  basis  of  flying  qualities  analysis. 

Furthermore,  the  domain  of  flight  oontrols  and  flying  qualities  Is  becoming  con¬ 
siderably  broader  as  a  result  of: 

e  Integration  of  oontrol,  propulalon,  weapons,  and  navigation  systems. 

e  Ability  to  decouple  and  regroup  the  airoraft  dynamlo  modes. 

e  Advanced  head-up  and  CRT  displays. 

e  New  controller  ooncepts. 

For  these  reasons,  experience  based  on  aircraft  comparisons  oannot  constitute 
a  complete  basis  of  flying  qualities  work  In  future  applications.  Thus,  to  be  responsive 
to  the  needs  of  airoraft  design  and  procurement,  the  subjeot  of  flying  qualities  must  be 
reformulated  In  aooordanoe  with  the  following  postulate: 


Ing  qualities  evaluation,  spectfioatl 


a  part 


roouremen 


id  prediction  oonoems  must  be 


The  praotloe  of  flying  qualities  has  started  adopting  this  basic  postulate  In  the 
following  areas: 

e  Flight  test  and  simulation  -  development  of  standardised  test  maneuvers, 
Reference  1. 

e  Specification  -  proposed  USAF  Prime  Standard  and  Handbook,  Reference  2. 

e  Analysis  anu  Predlotlon  Methods  -  CCV  studies,  target  tracking  analysis, 
discrete  maneuver  analysis,  Reference  3. 
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These  trends  reflect  the  Importance  of  asking  the  right  questions  In  terms  of  what  the 
pilot  can  make  the  airplane  do,  independent  of  established  analysts  methodologies. 

.  .  r  ■  •  i  ■ 

In  order  to  aee  how  the  baslo  postulate  oan  be  followed,  It  will  be  useful  to  ex¬ 
amine  the  resourcee  of  flying  qualities  as  a  subject  and  how  they  can  be  used  for  the 
principal  applications  of  flying  qualities  evaluation,  specification,  and  prediction  for 
each  area  of  concern. 


DEFINITION  OF  FLYING  QUALITIES 

Historically,  the  subject  of  flying  qualities  has  developed  by  utilising  available 
analytical  and  experimental  methods.  These  constitute  the  subject's  four  baslo 
resources: 

e  Historical  data  and  data  correlations. 

e  Flight  test  procedures  and  capabilities. 

e  Flight  simulation  methods,  both  In-flight  and  ground-based. 

e  Mathematical  modeling  and  analysis  techniques. 

For  example,  the  description  of  aircraft  dynamics,  both  open  and  closed  loop, 
has  followed  the  trends  of  oontrol  theory.  Frequency  response  descriptions  were  first 
employed,  but  with  the  development  of  root  locus  methods,  eigenvalue  descriptions 
beoame  widely  used.  At  present,  state  variable  and  optimal  oontrol  methods  are  be¬ 
coming  prominent  along  with  time  history  simulations.  At  each  stage  of  this  develop¬ 
ment,  there  were  Increased  capabilities  to  correlate  aircraft  dynamlos  descriptors,  and 
to  define  further  aspects  of  flying  qualities  consideration  In  terms  of  available  dynamic 
models.  In  this  way,  the  available  or  accepted  methodologies  determined  what  aspects 
of  piloted  flight  were  appropriate  for  study. 

If  flying  qualities  Is  to  become  fully  responsive  to  advanced  aircraft  design  and 
procurement,  this  prooess  must  be  reversed.  By  Investigating  definitions  and  objectives 
of  the  Bubject,  guidelines  for  the  supporting  methodologies  can  be  established;  the 
following  discussion  will  do  just  this. 

In  developing  the  subject  Independent  of  methods,  It  should  be  kept  In  mind  that 
there  are  a  large  number  of  dynamic  aspects  of  piloted  flight  that  are  largely  Indepen¬ 
dent  In  description.  This  diversity  Includes,  for  example, 

open  loop  response 
precision  tracking 
PIO 

Integrated  flre-fllght  control 


display  and  cockpit  layout 
flight  safety 
formation  flight 
feel  system  characteristics 
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and  the  Investigation  of  a  particular  alroraft  must  Inolude  all  such  relevant  Items  of 
concern. 

In  terms  of  the  above  considerations,  the  subject  of  flying  qualities  oan  be  de¬ 
fined  as  the  discipline  of  Investigating  all  relevant  areas  of  conoem  by  means  of  the 
above  resources  for  the  following  purposes  i 

Judging  the  performsnce  of  a  speolflo  airplane. 

Alroraft  procurement  and  design  specification. 

Aircraft  performance  and  flying  qualities  prediction  for  use  ini 

e  Aircraft  design  and  development. 

e  Alroraft  Improvement  and  modification. 

AIRCRAFT  EVALUATION 

Before  Judgments  can  be  made  conoemtng  piloted  performance,  data  must  be 
obtained  from,  or  assigned  to,  the  airplane  under  consideration.  This  prooess  of 
obtaining  descriptive  piloted  performance  data  Is  called  alroraft  evaluation  and  data 
obtained  oan  be  classified  as  follows) 

e  Objective  -  numerical  measures  obtained  through  Instrumentation. 

e  Subjective  -  pilot  statements. 

e  Analytical  -  behavior  of  mathematical  alroraft  dynamle  models. 

The  totality  of  these  evaluation  data  for  a  given  airplane  Is  oalled  Its  flying  qualities, 
whtle  the  totality  of  the  subjective  evaluation  data  Is  often  referred  to  as  the  handling 
qualities. 

Objective  Evaluation  Data 

Objective  data  can  be  routinely  obtained  for  all  aspects  of  aircraft  performance. 
Consequently,  there  is  no  restriction  In  applying  the  basic  postulate  of  flying  qualities 
with  respect  to  alroraft  evaluation  using  objective  data. 

Subjective  Evaluation  Data 

The  pilot's  subjeotlve  evaluation  consists  ot  how  well  he  thinks  the  airplane  did 
or  could  do,  and  how  much  "workload"  was  involved,  supported  by  diagnostic  oomments 
about  good  or  deficient  airplane  characteristics.  This  Information  can  be  obtained 
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from  the  pilot  for  each  area  of  concern,  or  as  a  summary  of  particular  aircraft  flight 
or  mission  phases.  This  subjective  evaluation  Is  always  available  In  conjunction  with 
any  flight  teat  Item  that  leads  to  objective  evaluations. 

Although  there  are  two  possibly  Independent  aspeots  In  the  pilot's  evaluation, 
performance  and  workload,  there  haa  been  a  highly  suooessful  and  almost  universal 
method  of  redualng  the  subjective  evaluation  to  a  soalar  quantity,  namely  the  pilot 
opinion  rating,  Refersnoe  4.  Since  pilot  acceptance  of  an  airplane  is  of  great  Impor¬ 
tance  along  with  acceptable  objeotlve  performance,  the  uae  of  pilot  opinion  rating 
methods,  particularly  the  Cooper  Harper  rating  scale,  should  be  continued. 

Unfortunately,  there  has  been  no  etandard  method  for  eupportlng  the  rating  by 
dlagnoetlo  comments.  This  means  that  It  1b  seldom  possible  to  understand  the  bland 
or  compromise  of  performance  and  "workload"  that  a  pilot  has  used  In  giving  hie 
rating  judgement,  even  though  a  deolslon  tree  of  performance  and  compensation  de¬ 
scriptors  Is  explicitly  provided  In  the  Cooper  Harper  rating  method.  This  la  further 
confused  by  diverse  assumptions  adopted  by  many  flying  qualities  analysts  that  work¬ 
load  1st 

e  compensation 
e  Identified  pilot  parameters 

•  physical  exertion  against  controller  force  gradients 
e  reserve  attention 
e  time  estimation 
e  total  angular  rate 
e  pilot  -  aircraft  payoff  functional 

Depending  bn  the  flight  task  evaluated,  eaoh  of  the  above  Interpretations  of  work¬ 
load  may  be  the  most  meaningful  or  Influential  on  the  pilot  rating.  In  the  case  of  an 
airplane  with  a  high  workload,  It  le  Important  to  understand  the  exaot  dynamic  nature 
of  the  problem  before  oorreotlons  to  aerodynamic!  or  control  modifications  can  be 

undertaken.  For  these  reasons,  It  le  recommended  that  In  support  of  a  Cooper  Harper 
pilot  rating,  the  pilot  state  what  aapeota  of  workload  seem  to  dominate.  Thla  should 
be  Included  In  a  standardised  dlagnoetlo  questionnaire.  Thla  recommendation  Implies 
no  ohtnge  In  the  Cooper  Harper  rating  aoale  or  methods \  It  applies  exclusively  to  the 
way  and  precision  with  which  the  eoale  le  employed. 
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Analytical  Evaluation  Data 


Analysis  as  a  means  of  aircraft  evaluation  must  be  carefully  understood.  As  an 
evaluation,  any  performance  measure  obtained  by  analysis  must  be  regarded  as  equiv¬ 
alent  to  what  would  be  measured  using  the  aotual  airplane.  Thus  a  valid  analytical  evalua¬ 
tion  has  the  same  evaluation  status  as  actual  flight  test  data.  Examples  allowed  by  Air 
Force  speolftoatlon  practice  Lnolude  dutch  roll  and  short  period  eigenvalues  oaloulated 
from  determined  airframe  aerodynamlos,  and  dutoh  roll  mode  amplitude  and  phase 
measures  also  calculated  from  aerodynamic  data.  In  this  way,  the  calculated  eigen¬ 
values,  for  example,  are  used  to  determine  acceptable  or  unacceptable  performance 
aooordlng  to  Reference  5,  Military  Specification,  Flying  Qualities  of  Piloted  Alirplanes, 
MIL-F-8786B. 

For  this  reason,  analysis  methods  must  be  far  more  reliable  than  prediction 
methods,  whose  main  purpose  Lb  to  guide  early  design  and  development.  In  order  to 
assure  the  required  reliability,  the  following  oondltlonB  on  the  analytical  methods  should 
be  met  whenever  possible! 

e  All  oaloulated  quantities  should  be  potentially  measurable  or  reduolble  from 
flight  teat  data. 

e  Verifications  by  flight  test  data  should  be  obtained  for  representative  flight 
conditions. 

e  All  data  used  In  the  oaloulation  must  be  either  obtained  from,  or  verified  by, 
flight  testing. 

•  All  aircraft,  control,  and  aerodynamic  models,  regardless  of  formulation 
In  the  time  domain,  s-plane,  or  state  apace,  must  be  sufficiently  general 
to  Include  all  relevant  dynamic  and  klnematlo  effects. 

It  was  stated  In  the  Introduction  that  the  basic  postulate  of  flying  qualities  Implied 
that  questions  concerning  a  particular  airplane  should  be  phrased  in  terms  of  Its  partic¬ 
ular  design  and  procurement  objectives.  This  meanB  that  to  be  moat  meaningful,  the 
following  three  questions  must  be  resolved  prior  to  flight  testing  and  analysis: 

e  What  test  maneuvers  are  to  be  flown? 

#  Which  Items  are  to  be  evaluated  by  the  same  test  maneuver? 

e  For  what  purposes  are  the  objective  and  subjective  data  to  be  used? 


AIRCRAFT  SPECIFICATION 


Specification  oonalsts  of  criteria  by  which  Judgments  are  assigned  to  aircraft 
evaluation  data.  These  come  about  in  the  following  way:  Procurement  objectives 
state  what  the  Intended  airplane  must  be  able  to  do,  while  specification  criteria,  whether 
developed  by  the  procuring  agency  or  the  airplane  designer,  express  how  well  the  air¬ 
plane  should  perform  In  terms  of  aircraft  evaluation  and  pilot  acoeptanoe  as  dismissed 
above.  The  overall  objectives  of  satisfying  the  speolfioatlon  criteria  arei 

e  guaranteed  alroraft  capability 
e  guaranteed  pilot  aooeptanoe 

Procurement  criteria,  such  as  MIL-F-8788B,  have  evolved  by  identifying  cor¬ 
relations  among  conventional  alroraft  between  performance  measures  and  aooeptable 
pilot  ratings.  In  this  way,  the  evolved  orlterta  have  diotated  the  performance  mea¬ 
sures  to  be  evaluated  along  with  associated  flight  test  and  analysis  methods.  Slnoe 
this  approaoh  requires  comparison  of  many  similar  alroraft,  speolfioatlon  methods 
must  be  substantially  augmented  for  ourrent  and  future  specification  of  unconventional 
new  designs  and  mission  roles. 

On  the  other  hand,  if  evaluation  measures  have  been  comprehensively  developed 
for  a  particular  airplane  In  aooordanoe  with  the  basic  postulate,  then  all  that  is  re¬ 
quired  are  decisions  on  how  well  the  airplane  should  perform  on  each  objective  and 
subjective  evaluation  Item.  In  this  way,  the  most  meaningful  evaluation  of  a  particular 
airplane  dictates  an  appropriate  speolfioatlon  with  respeot  to  the  procurement  and 
design  objectives. 

Introduction  by  the  United  States  Air  Foroe  of  the  USAF  Prime  Standard  and 
Handbook  to  supersede  MIL-F-87B5B,  Reference  2,  will  aohleve  the  above  objective 
supported  by  the  data  base  of  the  current  specification  and  its  background  and  user 
guide,  Referenoe  6.  The  large  number  of  independent  evaluation  Items  will  require  a 
widely  diverse  supporting  technology,  This  must  be  well  represented  In  the  new  docu¬ 
ments  whtoh  will  Indloate  many  ways  to  approach  evaluation  and  speolfioatlon. 

It  should  be  noted  that  the  flying  qualities  analysis  of  future  aircraft  performed 
In  aooordanoe  with  the  principles  outlined  above,  will  proceed  by  selecting  the  moBt 
appropriate  and  comprehensive  objective  and  subjeotlve  evaluation  items,  placing 
specification  requirements  on  them,  and  only  then,  selecting  analysis  and  prediction 
methods  to  support  the  design  and  development  of  the  airplane.  It  was  pointed  out 
above  that  prediction  and  analysis  methods  are  used  In  entirely  different  ways;  this 
will  next  be  considered  In  more  detail. 
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PERFORMANCE  AND  FLYING  QUALITIES  PREDICTION 

Prediction  of  flying  qualltlea  consists  of  developing  and  exercising  mathematical 
models  of  open  loop  and  closed  loop  aircraft  response.  The  objectives  of  these  anal¬ 
yses  are  tot 

•  Fredlot  compliance  of  evaluation  Items  with  specification  orlterla. 

e  Predict  probable  performance,  pilot  acceptance,  and  dynamto  characteristics. 

e  Predict  performance  tradeoffs  among  design  parameters. 

Inasmuoh  as  future  aircraft  evaluations  and  speolfloatlon  orlterla  will  be  gen¬ 
erated  according  to  design  and  procurement  objectives,  many  new  kinds  of  prediction 
methods  must  be  developed  and  validated.  These  methods  must  predlot  both  objective 
and  subjective  evaluation  data  for  all  areas  of  flying  qualities  concern.  In  this  way, 
the  selection  of  evaluation  parameters  and  specification  orlterla  will  lead  to  selection 
of  the  appropriate  pilot  -  aircraft  models  and  prediction  techniques.  This  resulting 
prediction  methodology  will  be  useful  in  the  following  ways! 

e  To  guide  preliminary  aerodynamic  and  control  design. 

e  To  guide  final  design  during  aircraft  development. 

e  To  Identify,  understand,  and  eliminate  flying  qualities  deflolenoles. 

e  To  assist  In  demonstrating  oompllanoe  with  procurement  and  design 
objectives. 

e  To  assist  In  interpretation  of  pilot  ratings  and  comments. 

e  To  search  for  and  Identify  unrecognized  but  relevant  flying  qualities 
phenomena. 

The  selection  of  appropriate  prediction  methods  depends  upon  the  representation 
of  a  particular  Item  of  flying  qualities  concern.  This  representation  will  always  consist 
of  three  separate  parte.  They  are; 

e  Task  Model.  This  Is  a  mathematical  description  of  a  sufficiently  repre- 
ieiitaHve  flight  test  Item. 

e  Aircraft  or  Pilot  -  Aircraft  Model.  These  models  represent  the  dynamtes 
of  the  airplane  or  the  closed  loop  piloted  response  during  the  performance  of 
the  task  as  represented  by  the  task  model. 
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Evaluation  Model.  The  evaluation  model  should  Inolude  all  objective  evalua- 
flon  Items  that  would  be  obtained  during  the  corresponding  flight  test.  The 
evaluation  must  also  inolude  data  which  can  be  shown  to  correlate  well  with 
subjective  pilot  ratings  and  comments. 


Once  these  model  components  have  been  chosen,  the  particular  techniques  tor  oaloulat- 
lng  the  evaluation  quantites  oan  then  be  selected  or  developed. 


Task  Model 

Task  model  selection  In  addition  to  being  required  tor  prediction  methods,  la  also 
an  Important  aspeot  of  flight  teat  programs.  For  example,  Twlsdale,  Neal  and  Smith, 
and  Meeker  and  Hall,  References  1,  7,  8,  have  performed  extensive  flight  test  and  in¬ 
flight  simulation  studies  using  target  tracking  during  wind-up  turns,  attitude  traoklng 
of  random  commands,  and  step  attitude  traoklng.  These  task  models  were  selected  to 
be  representative  of  oombat  traoklng,  and  have  proved  to  be  good  predlators  of  alroraft 
operational  experience.  The  success  of  these  models  makes  them  likely  candidates 
for  use  In  the  prediction  of  oombat  traoklng  by  means  of  closed  loop  pilot  -  aircraft 
modeling  methods. 


Alroraft  Model 


Alroraft  model  selection  depends  on  the  task  model  in  ths  following  waysi 

e  Flight  condition.  High  angle  of  attaok  or  sideslip  angles  may  require  non¬ 
linear  aerodynamic  data. 

e  Maneuvering  required.  Large  angular  excursions  and  high  angular  rates 
may  require  nonlinear  ooupled  equations  to  represent  adequately  the  perfor¬ 
mance  of  the  task  modal. 

e  Control  system  characteristics.  If  the  performance  of  the  task  modal  re¬ 
sults  in  limiting  of  rates  or  oontrol  surface  excursions,  these  efteots  must 
be  lnoluded  in  the  model.  Other  dynanic  effects  suoh  as  oontrol  augmenta¬ 
tion  saturation  must  also  be  Included. 

It  should  be  noted  that  the  selection  of  an  appropriate  model  does  not  neoessarlly 
imply  the  selection  of  a  computational  method,  but  determines  only  the  necessary 
dynamic  capabilities  a  computational  context  for  the  problem  must  possess. 

The  principal  uses  for  the  alroraft  model  arei 

a  Open  loop  aircraft  analysis. 

e  Closed  loop  alroraft  analysis. 

e  Use  of  the  alroraft  model  for  manned  flight  simulation. 


Flight  simulation  is  a  reliable  method  for  predicting  both  objectives  and  sub¬ 
jective  evaluation  data.  However,  the  reliability  of  these  predictions  depends  heavily 
on  suoh  factors  as  airplane  model  fidelity,  visual  and  motion  oue  fidelity,  and  com¬ 
putational  effioienoy  in  both  ground-based  and  in-flight  simulations. 


Pilot  -  Aircraft  Model 

Pilot  -  aircraft  model  selection  depends  on  both  the  task  model  and  the  relevant 
evaluation  items.  The  aircraft  part  of  the  pilot  -  aircraft  model  should  be  ohoaen  as 
above,  and  the  pilot  model  must  be  expressed  lh  whatever  computational  oontext  this 
requires.  Unfortunately,  the  use  of  pilot  models  in  flying  qualities  analysis  has  re¬ 
mained  controversial  and  non-stands rdlzed  for  the  following  reaaonst 

e  The  pilot  model  has  usually  dlotated  a  strictly  linear  and  time- invariant 
problem  formulation . 

e  The  pilot  model  is  often  not  well  defined  in  terms  of  what  model  com¬ 
ponents  are  to  be  used,  what  dynamic  limitations  apply,  and  what  adjuot- 
ment  or  optimization  rules  are  to  be  followed. 

e  Tho  calculation  methods  are  often  ob  sours  and  the  data  from  the  model 
difficult  to  compare  with  flight  test  or  simulation  results, 

I 

Reoent  extensions,  Reforsnoe  3,  In  pilot  model  theory  have  eliminated  the  linear 
and  time-ln variant  restrictions,  and  models  oan  now  be  ohoaen  to  fit  any  computational 
oontext  required  by  the  problem  formulation.  More  precisely,  all  currently  used 
models  are  special  cases  of  the  following  definition  whioh  will  be  adhered  to  in  the  sub¬ 
sequent  analysis  i 

Definition!  A  pilot  model  is  a  rule  that  assigns  a  dynamical  deioriptlon  of  a 
pilot's  activity  during  a  given  task  along  with  a  method  for  using  the  model 
to  predtot  evaluation  data,  Thla  dynamloal  description  is  subject  to  human 
limitations  that  Include i 

e  transport  time  delay 

e  human  visual  resolution  and  motion  perception  thresholds 
e  limited  motor  information  output  channels 

e  neuromuscular  dynamics  effsots 

For  precision  control  tasks,  the  model  is  adjusted  to  produoe  optimum 
performance  with  respect  to  the  evaluation  parameters.  This  adjustment 
may  incorporate  time-varying  compensation,  attention  allocation,  dis¬ 
crete  control  inputs,  and  other  oontrol  strategies  that  osn  be  identified 
In  human  pilot  activity . 
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The  selection  of  a  particular  set  of  pilot  model  characteristics  should  be  made 
exclusively  on  the  basis  of  relevant  pilot  activity  for  eaoh  flying  qualities  evaluation 
task  item.  This  implies  that  the  model  must  be  developed  independent  of  computational 
method,  and  that  various  models  and  computational  methods  might  be  required  In  the 
study  of  any  given  airplane. 

Evaluation  Model 

The  evaluation  model  consists  of  a  set  of  performance  quantities  to  be  calculated 
from  the  task,  airoraft,  and  pilot  -  aircraft  modals,  along  with  the  methods  to  be  used 
and  the  interpretation  procedures  to  be  applied.  All  objective  evaluation  items  estab¬ 
lished  through  design  and  procurement  requirements  for  flight  testing,  oan  be  pre¬ 
dicted  by  means  of  a  properly  seleoted  model  or  manned  flight  simulation. 

It  often  ooours  during  design  and  development  that  performance  quantities  are 
Identified  that  relate  to  flying  qualities  In  previously  unreoognlzed  ways.  Suoh 
quantities  are  often  related  to  oontrol  or  weapons  system  behavior,  and  oan  best  be 
studied  using  a  combination  of  prediction  methods  based  on  analytic  models  and 
manned  flight  simulation.  Subjective  data  obtained  from  manned  flight  simulation 
should  be  obtained  in  the  same  manner  as  in  aotual  flight  test.  In  interpreting  this 
data,  it  should  be  kept  In  mind  that  aotivlty  of  a  simulation  pilot  is,  in  faot,  only  a  repre¬ 
sentation  of  what  a  pilot  would  do  In  the  aotual  airoraft. 

Correlations  of  Pilot  Ratings 

The  prediction  of  subjeotive  evaluation  is  performed  by  postulating  correlations 
of  pilot  ratings  and  comments  with  open  and  olosed  loop  airplane  and  pilot  model 
parameters,  and  performance  evaluations. 

Correlation  of  pilot  ratings  and  comments  with  open  loop  airplane  character istlcs 
la  the  basis  of  many  items  in  MIL-F-8785B.  For  sufficiently  conventional  airoraft 
dynamios,  short  period  and  dutch  roll  eigenvalues  oorrelate  with  pilot  ratings.  For 
this  reason,  acceptable  performance  is  Judged  when  the  corresponding  eigenvalues  are 
within  the  speoifled  bounds  of  frequenoy  and  damping.  Other  open  loop  dynamios 
oorrelate  with  pilot  oomments  and  pilot  ratings.  Dutch  roll  amplitude  and  phasing,  for 
example,  are  unpleasant  to  the  pilot  in  oases  identified  by  MIL-F-S785B.  Unfortunately, 
such  correlations  obtain  only  for  airoraft  that  have  similar  dynamic  response  modes. 
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Correlations  of  pilot  ratings  and  comments  with  olosed  loop  model  and  perfor¬ 
mance  parameters  are  applicable  to  a  larger  class  of  aircraft  than  the  open  loop  cor¬ 
relations.  In  this  case,  the  correlations  are  In  terns  of  how  well  the  preolslon  task 
model  Is  carried  out  along  with  some  knowledge  of  predicted  pilot  aotlvlty  as  reflected 
In  pilot  model  parameters.  There  ere  three  basically  dlffarent  methods  currently 
under  development  or  In  use. 

s  Pavoff  Funotlonils.  These  are  usually  computed  by  meins  of  optimal  oontrol 
theory  and  give  a  weighted  bland  of  output  statistics  and  pilot  aotlvlty.  The 
values  of  the  optimised  functional  art  correlated  with  pilot  ratings. 

e  Pilot  Rating  Formulas.  These  models  postulate  that  pilot  workload  Is  equiv¬ 
alent  to  pilot  compensation  so  that  pilot  ratings  become  functions  of  pilot 
modal  parameters  and  output  statistics  weighted  tn  a  suitable  manner. 

#  Multi-Parameter  Performance  Correlations.  These  methods  rsoogntse 
fluff  many  tasks  consist  of  several  mutually  compromising  objectives  that 
the  pilot  must  trade  off  against  one  another.  By  correlating  ratings  and 
comments  with  these  tradeoff  elements,  regions  of  output  statistics  that 
correlate  with  ratings  can  be  demonstrated  without  assuming  functional 
definitions  of  pilot  ratings  or  pilot  workload. 

Analyaia  and  Prediction  Methods 

It  la  extremely  Important  to  understand  the  distinction  between  analysis  methods 
and  prediction  methods.  Inasmuch  aa  both  are  used  to  generate  data  that  la  compared 
against  specification  orlteria,  it  is  natural  that  oonfUslon  exists  about  the  roles  of 
analysis  and  prediotion. 

Ai  stated  above,  compliance  with  a  procurement  specification  item  must  be  on 
the  basis  of  aircraft  evaluation  data  obtained  from  flight  test.  This  data  may  be  trans¬ 
formable  in  certain  ways,  such  as  calculating  short  period  eigenvalues  from  flight  test 
aerodynamlo  data,  that  Involve  minimal  assumptions  on  the  model,  Such  highly  re¬ 
liable  and  validated  analysis  methods  simply  transform  flight  test  data  into  a  different 
form. 

Prediction  methods,  on  the  other  hand,  are  developed  for  use  tn  design  and 
development  as  a  guide  when  flight  test  data  are  not  available.  It  may  well  be  the 
case  that  prediction  methods  have  been  Instrumental  in  defining  test  items  end  cor¬ 
responding  criteria,  but  this  in  no  way  Implies  that  data  generated  by  these  methods  are 
suitable  for  demonstrating  compliance  and  henoe  justifying  procurement.  This  is  es¬ 
pecially  true  of  pilot  -  aircraft  methods,  and  pilot  rating  prediction  In  particular. 


INTERPRETATION  OP  FLYING  QUALITIES 

Hie  above  discussion  of  the  definition  and  objeotlves  of  flying  qualities  empha¬ 
sized  two  principles  t 

e  Formulating  flying  qualities  questions  in  terms  of  a  particular  alroraft  and 
its  procurement  and  design  objeotlves. 

e  Defining  required  flying  qualities  modsls  of  task,  alroraft  or  pilot-alroraft, 
and  evaluation,  independent  of  computational  algorithms, 

These  principles  implicitly  assume  that  for  whatever  problem  formulation  may 
be  developed,  suitable  means  for  flying  qualities  evaluation,  speoifl cation,  and  predic¬ 
tion  are  available.  The  goal  now  la  to  show  how  flying  qualities  defined  by  these 
methods  can  be  Interpreted  in  terms  of  specific  numerical  quantities  and  computational 
techniques. 

Flying  qualities  is  defined  abwve  in  terms  of  its  three  areeB  of  applloatlom 
evaluation,  specification,  and  prediction.  Moreover,  it  was  shown  that  the  imple¬ 
mentation  of  the  basic  principles  of  flying  qualities  leads  to  a  choice  of  evaluation 
items  Independent  of  methodology  from  whloh  specification  items  oan  be  derived  along 
with  appropriate  prediction  techniques  for  aircraft  design  and  development.  For  these 
reasons,  the  interpretations  of  evaluation,  specification  and  prediction  will  be  dlsoussed 
in  that  order. 

EVALUATION  METHODS 

Evaluation  was  defined  to  be  the  prooess  of  assigning  three  kinds  of  data  to  a 
specific  airplane: 

e  objective  -  numerical  measures  through  instrumentation 

e  subjective  -  pilot  comments  and  ratings 

e  analytical  -  behavior  of  mathematical  aircraft  or  pilot-aircraft  models. 

Once  these  evaluation  data  are  obtained,  they  can  be  oompared  against  specifica¬ 
tion  criteria  and  a  judgment  of  flying  qualities  goodnsss  oan  then  be  made. 

The  principal  source  of  both  objeotlve  and  subjective  evaluation  data  is,  of  course, 
flight  tostlng  and  eventually  operational  experience.  Since  evaluation  data  is  mainly 
used  to  compare  against  procurement  criteria,  operational  data  is  usually  not  available. 
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This  means  that  the  flight  test  programs  must  be  sufficiently  representative  of  the 
operational  experience  to  give  a  realistic  description  of  airplane  capability. 

Flight  test  procedures  have  been  developed  and  refined  in  conjunction  with  air¬ 
craft  development  and  operational  aircraft  experience,  and  effective  test  maneuvers 
and  instrumentation  have  been  developed.  This  experience  has  been  exclusively  con¬ 
cerned  with  defining  how  the  airplane  is  to  be  teated,  what  tasks  ars  to  be  flown,  what 
measurements  best  refleot  the  resulting  performance,  and  how  the  pilots  are  to  be 
trained,  introduced  to  the  tasks,  and  questioned.  The  emphasis  of  flight  test  method¬ 
ology  on  obtaining  evaluation  data  (again  contrasted  to  comparing  the  evaluation  data 
against  orlterla  and  making  judgments)  in  terms  of  the  behavior  of  a  specific  airplane 
Is  In  complete  accordance  with  the  baste  principles  of  flying  qualities  as  presented  I 

above.  For  this  reason,  the  concerns  nf  flying  qualities  should  be  dictated  by  ourrent  1 

flight  test  practice  and  trends,  and  not  by  oonventent  computer  codes.  j 

The  main  problem  in  flight  testing  Is  the  selection  of  flight  test  items.  It  is 
Important  to  keep  In  mind  that  these  items  are  ohoaen  not  aa  typloal  operational  flight 
tasks,  but  as  sources  of  evaluation  data  that  will  be  aa  discriminating  as  possible 
when  usod  for  comparison  against  design  and  procurement  orlterla.  This  la  made  ! 

moat  dear  in  Reference  1  by  Thomas  Twlsdale  of  ths  Air  Foroe  Flight  Test  Center « 

"It  is  very  Important  not  to  confuse  tracking  teat  taohniquea  with  ths  operational 
tracking  and  gun  firing  teohniquei  associated  with  an  actual  oombat  encounter. 

Tracking  teat  teohnlquea  are  a  powerful  tool  for  Identifying  and  defining  handling 
qualities  deficiencies  and  optimizing  flight  oontrol  systems.  These  techniques 
were  specifically  developed  to  elioit  engineering  data  whloh  may  be  used  to 
Improve  the  handling  characteristics  of  the  airplane.  In  this  respeot  It  is  oer- 
tainly  expected  that  the  results  of  traoking  test  techniques  (a  better  handling 
airplane)  will  favorably  impact  the  operational  pilot's  ability  to  oontrol  his  air- 
eraft  during  oombat  enoounters.  But  it  would  be  a  mistake  to  assume  that  the 
data  gathered  using  these  techniques  directly  refleot  uuch  overall  mission  effec¬ 
tiveness  parameters  as  the  likelihood  of  a  kill.  The  overall  oombat  effectiveness 
of  the  airplane  is  a  funotlon  of  many  considerations.  Traoking  test  techniques 
provide  a  measure  of  that  portion  of  mission  effectiveness  which  is  related  to 
the  pilot's  ability  to  preolsely  control  the  airoraft  attitude. " 

The  traoking  test  techniques  to  whloh  Twlsdale  refers,  oonoern  tracking  a  target  I 

airoraft  during  smooth  wind-up  or  oonstant  angle-of-attack  turns.  Data  of  this  kind 
has  proved  highly  useful  in  a  number  of  airoraft  development  programs,  and  this  I 

approach  to  flight  testing  la  firmly  established.  1 
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Unfortunately,  these  developments  in  aircraft  evaluation  methods  have  not  been 
matched  in  flying  qualities  specification  and  prediction  techniques.  Presently  there 
are  no  criteria  in  MIL-F-8785B  for  target  tracking  performance  baaed  on  standardised 
target  traoking  tasks.  This  is  in  part  a  result  of  the  previous  laok  of  suitable  estab¬ 
lished  prediction  methods  neoessary  for  such  orlterla  to  be  useful  during  preliminary 
design  and  aircraft  development. 

Another  traoking  technique  that  is  gaining  prominence  in  flight  testing  is  in 
recognition  that  a  major  concern  of  the  pilot  is  his  ability  to  oarry  out  diaorete  aircraft 
flight  path  or  attitude  corrections  quickly  without  resulting  difficulties  suoh  as  over¬ 
shoot,  residual  oscillations,  or  unfavorable  mode  ooupllng.  Discrete-error  tracking 
tasks  are  now  frequently  used  in  flight  test  and  flight  simulation  programs.  One  of  the 
first  and  most  important  flying  qualities  flight  test  programs  to  Incorporate  these  tasks 
was  the  study  performed  in  1970  by  T.  Peter  Neai  and  Rogers  E.  Smith  using  the  NT-33 
variable  stability  In-flight  simulator,  Reference  7.  It  is  useful  to  consider  the  pilot 
evaluation  tasks  that  were  used  in  this  study. 

An  examination  of  these  task  Items  reveals  that  other  than  the  IFR  continuous 
random  traoking  task,  all  flight  task  items  were  of  a  discrete  nature,  either  to  make 
specific  oontrol  corrections,  or  to  perform  open  loop  maneuvers.  In  Section  6. 2  of 
Reference  7  titled  "The  Pilot's  View  of  Good  Traoking  Performance, "  Neal  and  Smith 
comment: 

"The  first  step  in  the  analysis  is  to  identify  the  performance  which  the  pilot  is 
trying  to  aohleve  when  he  "adapts"  to  an  airplane  configuration.  Hie  pilot  com¬ 
ments  lndioate  quite  dearly  that  he  wants  to  acquire  the  target  quiokly  and  pre¬ 
dictably,  with  a  minimum  of  overshoot  and  oscillation.  The  question  that 
remains  is  how  to  translate  this  observation  into  mathematical  terms. " 

This  "translation"  properly  belongs  to  the  subjects  of  flying  qualities  specification 
and  prediction  and  has  been  addressed  in  References  3  and  8. 

It  is  interesting  to  contrast  the  flight  test  methods  of  tracking  target  aircraft  in 
wind-up  turns  with  the  flight  test  evaluation  items  based  on  discrete  oontrol  correc¬ 
tions  and  maneuvers.  They  are  in  no  way  mutually  exclusive t  rather  they  simply  re¬ 
flect  evaluation  emphasis  on  objective  items  (tracking  statistics)  or  subjective  items 
(pilot  ratings  and  comments). 
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SPECIFICATION  METHODS 


The  extensive  Integration  of  controls,  weapons,  navigation,  and  avionics  systems 
In  current  aircraft  designs  Implies  that  flying  qualities  specification  Items  of  alroraft 
performance  for  all  mission  tasks  cannot  be  Independent.  For  this  reason,  the  fol- 
lowing  discussion  of  speolfioation  and  prediction  will  apply  to  those  kinds  of  Items 
currently  covered  by  MIL-F-8785B  along  with  preolslon  piloted  tasks.  In  this  sense, 
there  are  two  objectives  of  design  or  procurement  specification  Items: 

e  to  guarantee  required  aircraft  capabilities 

e  to  guarantee  pilot  acceptance. 

Ideally,  If  the  basic  postulate  of  flying  qualities  as  stated  In  the  Introduction  has 
been  followed,  and  an  appropriate  set  of  evaluation  Items  has  been  established,  these 
two  specification  goals  are  easy  to  achieve.  All  that  Ib  required  for  the  first  Is  to 
place  Inequality  constraints  on  the  evaluation  measures,  and  for  the  second  Is  to  re¬ 
quire  favorable  pilot  ratings  and  comments  for  all  test  flight  experience.  There  are 
two  reasons  why  this  does  not  currently  suffloe  In  practice: 

e  Appropriate  sets  of  objective  evaluation  Items  have  not  been  established 
ana  verified  as  sufficient  for  procurement. 

e  Specification  items  must  be  predlotable  during  design  and  development; 
however,  means  of  predicting  performance  and  pilot  acceptance  for 
non-standard  control  and  unconventional  aircraft  configurations  are  not 
fully  developed. 

For  flying  qualities  as  a  subject  to  be  fully  responsive  to  the  needs  of  current  aircraft 
design  and  procurement  agencies,  these  limitations  on  specification  must  be  overcome. 
Two  Important  achievements  are  required.  First,  In  accordance  with  the  above  anal¬ 
ysis  of  aircraft  evaluation,  It  must  be  recognized  that  appropriate  evaluation  data  sets 
should  be  established  In  terms  of  particular  aircraft  design  and  procurement  objec¬ 
tives.  As  stated  above,  the  guidance  in  doing  this  should  be  supplied  by  flight  test  and 
flight  operational  experience.  Second,  flying  qualities  as  a  subject  must  refrain  from 
rephrasing  all  questions  In  terms  of  readily  available  or  fashionable  problem  formu¬ 
lations,  and  Instead  respond  by  providing  techniques  for  predicting  specification  com¬ 
pliance  for  all  Items  deriving  from  the  evaluation  methods  currently  being  used  or 
being  developed  by  flight  test  practice. 
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There  are  three  kinds  of  evaluation  data,  objective,  subjective,  and  analytical, 
that  can  be  used  to  develop  specification  Items  to  guarantee  aircraft  capability  and  to 
guarantee  pilot  acceptance.  The  ways  In  whloh  these  data  are  UBed,  and  the  corre¬ 
sponding  requirements  of  associated  prediction  methods  will  now  be  briefly  summarised. 

Specif lcatton  and  Prediction  of  Alroraft  Capability 

Open  loop  aircraft  capabilities  such  as  maximum  attitude  rates,  rise  times, 
mode  phasing,  trlmmablllty  and  other  such  performance  measures  constitute  muoh  of 
the  current  MIL-F-8788B  specification.  Many  of  these  Items  will  remain  appropriate 
for  future  alroraft  procurement,  and  sufficient  prediction  methods  exist  based  on 
transform,  state  variable,  and  time  history  representations  of  the  alroraft  and  oontrol 
system, 

Sinoe  subjective  evaluation  is  by  definition  a  matter  of  pilot  aoocptanoe,  the  re¬ 
maining  approach  to  aircraft  capability  specification  and  prediction  Is  by  means  of  ob¬ 
jective  evaluation  measures  deriving  from  preolslon  piloted  tasks.  For  objective  eval¬ 
uation  Items  developed  for  critical  or  representative  flight  tasks,  speolfloatlon  Items 
can  be  expressed  In  terms  of  statistics  obtained  by  measurements  In  the  time  domain; 
that  Is,  by  observing  what  the  alroraft  Is  doing.  Quantities  such  as  mean  and  standard 
deviations  of  traoking  errors,  percent  of  time  within  allowable  tolerances,  and  proba¬ 
bilities  of  exoeedanoes  are  all  easily  measurable,  but  must  also  be  predictable  for  any 
speolfloatlon  Item  based  on  them  to  be  useful  in  aircraft  daslgn.  Such  prediction 
methods  are  now  largely  available,  and  given  task  and  evaluation  models  as  defined 
above,  pilot- aircraft  models  can  now  be  established  and  exeroised  to  generate  the 
required  objeotlve  data  predictions. 

Speolfloatlon  and  Prediction  of  Pilot  Acoeptanoe 

The  objeotlve  of  M1L-F-8785B  Is  to  assure  flying  qualities  that  are  "dearly 
adequate  for  the  mission  flight  phase"  when  oompllance  is  demonstrated.  This  Is 
done  by  oomparlng  one-  or  two-dimensional  analytical  or  objeotlve  evaluation  measures 
against  Inequalities  (one-dlmenslonal  data)  or  boundaries  (two-dimensional  data)  that 
have  been  validated  to  oorrelate  with  goodness  of  flying  qualities  defined  in  terms  of 
Level  1  (clearly  adequate),  Level  2  (adequate  but  with  increased  pilot  workload  or 
degradation  in  performance),  and  Level  3  (safe  flight,  but  inadequate  flying  qualities). 

It  should  be  noted  that  the  analytical  and  objective  data  correlated  with  Levels  in 
MIL-F-8785B  are  performance  measures  of  the  open  loop  airplane  only,  consisting 
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of  such  Items  as  airframe  or  augmented  airframe  frequency  versus  damping,  roll- 
sideslip  phase  and  amplitude,  and  controller  gradient  forces.  All  required  evaluation 
data  for  MIL-F-8785I3  comparison  are  easily  predicted. 

This  MIL-F-8786B  approaoh  to  flying  qualities  specification  by  correlating  one- 
or  two-dimensional  evaluation  open  loop  data  with  Levels  of  flying  qualities  has  been 
highly  suooessful,  and  it  is  natural  to  extend  this  method  to  correlate  closed  loop  ob¬ 
jective  evaluation  data  as  well.  The  use  of  dosed  loop  pilot-airoraft  prediction  models 
allows  a  much  oloser  correspondence  between  speolfioatlon  items  and  design  and  pro¬ 
curement  objectives.  Supporting  predlotlve  means  exist  for  a  wide  variety  of  general 
and  representative  evaluation  data  items  that  may  be  correlated  in  a  one-  or  two- 
dimensional  way  with  Levels  of  flying  qualities. 

This  task  and  evaluation  generality  manifests  Itself  in  two  fundamental  waysi 

e  Transient  or  steady-state  precision  piloted  tasks. 

e  Single  or  multiple  task  pilot  aotlvtty  for  a  given  flight  phase. 

A  survey  of  the  four  corresponding  basic  dosed  loop  pilot-airoraft  prediction 
models  is  presented  in  Reference  9. 

So  far,  the  discussion  of  pilot  aooeptanoe  has  oonoemed  the  use  and  prediction 
of  analytical  and  objective  evaluation  data.  In  addition  to  these  correlations,  the  dlreot 
use  of  pilot  ratings  should  be  considered.  Experience  has  shown  that  ourrent  methods 
of  training  test  pilots  and  Introducing  them  to  prototype  or  development  alroraft  leads 
to  aoourate  predictions  of  aooeptanoe  by  pilots  of  the  resulting  operational  alroraft. 

For  this  reason,  the  final  judgment  of  pilot  aooeptanoe  of  a  given  airplane  rests  with 
pilot  ratings  obtained  during  flight  test  programs.  Specification  of  pilot  aooeptanoe 
simply  becomes  a  matter  of  requiring  acceptable  pilot  ratings  during  all  flight  test 
evaluation  studies,  During  design,  before  the  aircraft  is  available  to  a  test  pilot,  cor¬ 
relations  of  evaluation  measures  can  be  used  to  predict  acceptance  as  dlsoussed  above. 
There  Is,  however,  another  approach:  pilot  rating  prediction. 

Several  methods  for  predicting  pilot  ratings  have  demonstrated  the  ability  to 
"prediot"  ratings  for  previously  existing  souroes  of  experiments!  data.  These  methods 
postulate  that  the  performance  and  workload  aspects  of  the  Cooper  Harper  rating 
soale  are  weighted  by  the  pilot  aooording  to  a  linear  functional,  or  oan  be  predicted 
using  optimal  oontrol  and  a  pilot  model  performance  Index.  A  survey  of  the  demon¬ 
strations  of  pilot  rating  prediction  reveals  that  a  number  of  underlying  assumptions  will 
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have  to  be  justified  before  this  attractive  approach  can  gain  acceptance  as  a  prediction 
method,  let  alone  as  a  basis  of  flying  qualities  specification. 

First  of  all,  pilot  compensation  models  have  been  developed  and  validated  by 
linear  Identification  methods,  and  assume  that  the  pilot  operates  as  a  time  Invariant 
continuous  controller  who  generates  control  commands  as  a  fixed  blend  of  tracking 
error  and  Its  derivatives.  The  use  of  pilot  models  for  rating  prediction  must  assume 
that  the  pilot  model  parameters  are  related  to  workload,  since  aircraft  tracking  per¬ 
formance  oannot  be  correlated  with  pilot  model  gains,  leads,  and  lags.  It  must  be 
further  assumed  that  all  workload  aspects  of  flying  qualities  are  manifested  In  the 
model  coefficients. 

Now  consider  pilot  rating  assumptions.  It  Is  assumed  that  alroraft  performance 
can  be  normalized  or  calibrated  In  a  manner  that  reflects  a  pilot's  conoern  with  ade¬ 
quate  flying  qualities.  It  Is  further  assumed  that  the  workload  measure  is  a  linear 
functional  of  the  pilot  model  coefficients  adjusted  for  optimal  predloted  pilot  ratings, 
that  the  pilot  rating  Is  a  linear  functional  of  both  performance  and  workload,  and  that 
the  weighting  coefficients  are  constants. 

It  should  be  noted  that  justification  of  thsse  or  similar  assumptions  1b  not  re¬ 
quired  to  extend  pilot  rating  correlation  (aa  contrasted  to  prediction)  methods  as 
praotioed  by  MIL-F-8785B  to  include  dosed  loop  performance  measures.  Furthermore, 
it  has  been  shown  that  by  suitable  oholces  of  performance  measures,  tradeoff  aspects  of 
piloted  experlenoe  oan  be  identified,  and  correlations  with  pilot  comments  as  well  as 
pilot  ratings  osn  be  obtained,  Reference  8. 

In  summary,  specification  ItemB  must  be  developed  in  terms  of  the  most  mean¬ 
ingful  evaluation  Items  that  flight  iest,  flight  simulation,  and  operational  experience 
can  evolve.  Once  these  Items  are  Identified,  at  least  the  following  conditions  must  be 
met  for  the  Item  to  be  aocepted  as  a  procurement  specification  criterion! 

e  The  specification  Item  must  be  numerical. 

e  The  specification  Item  must  correlate  with  pilot  comments  and 
pilot  ratlnga. 

e  The  specification  Item  must  be  easily  measured  In  flight  test  or 
flight  simulation. 

•  The  specification  Item  must  be  reliably  predictable  by  analytical  means 
for  use  In  early  design  and  development. 
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•  The  method  that  predicts  the  specification  item  must  be  applicable  in  a 
completely  standardized  form  that  Incorporates  the  most  general  models 
of  the  candidate  aircraft  required. 

e  The  specification  item  must  be  valid  for  all  current  and  acceptable  aircraft, 
and  must  exclude  poor  or  unaooep table  aircraft. 


FLYINC  QUALITIES  PREDICTION  METHODS 

The  preceding  analysis  of  aircraft  evaluation  and  specification  has  promoted  the 
following  two  principles  as  a  basis  for  developing  the  subject  of  flying  qualities  in  a 
way  responsive  to  the  needs  of  advanced  aircraft  development! 

e  Evaluation  and  specification  items  should  be  developed  for  individual  alr- 
plsnes  in  a  way  that  most  generally  reflects  the  operational  requirements; 
flight  test  praotloe  is  a  good  guide  for  this. 

e  Specification  items,  to  be  useful  in  design,  development,  and  airoraft  im¬ 
provement,  must  be  supported  by  analytical  prediction  methods  responsive 
to  the  full  generality  of  the  flight  test  evsluation  items;  it  no  longer  suffioes 
to  limit  flying  qualities  prediction  to  those  quantities  that  osn  be  calculated 
by  steady-state,  linearised,  and  transform  methods. 

Most  pilot-aircraft  prediction  analysis  has  been  oonoexned  with  a  single  axis 
traoking  task  and  although  this  does  not  represent  many  flight  phases  well,  it  neverthe¬ 
less  is  a  useful  description  of  a  pilot's  activity  during  precision  maneuvers  such  as 
weapon  delivery  and  landing.  By  extending  flying  qualities  t  lalysis  from  the  considera¬ 
tion  of  open  loop  eigenvalues  to  the  dynamically  more  oomplete  model  of  the  pilot's 
loop  olosure,  approximations  to  the  dosed  loop  oontrol  can  be  obtained.  From  this 
standpoint,  pilot  -  airoraft  modeling  work  has  been  concerned  with  matohing  a  simulator 
pilot's  gain  and  phase  as  identified  by  linear  means,  and  assessing  the  characteristics 
of  the  loop  closure  by  methods  of  dasaloal  or  optimal  oontrol  theory. 

The  models  developed  by  these  means  can  also  be  used  to  predict  the  dosed 
loop  tracking  statistics  of  a  piloted  task  such  as  attitude  stabilization  in  turbulenoe 
or  following  a  randomly  generated  command.  For  suoh  problems,  the  modds  show 
two  important  characteristics! 

e  Fixed  form  gain  —  lead  —  delay  modds  agree  within  a  few  peroent  with 
flight  simulation  traoking  error  statistics. 

e  Motivated  skilled  pilots  asymptotically  trained  achieve  nearly  identical 
traoking  error  statistics. 
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In  this  way,  pilot  —  aircraft  models  are  accurate  predictors  of  what  operational  piloted 
aircraft  can  do  during  precise  tracking.  However,  there  are  limitations  on  this  ap¬ 
proach,  both  in  terms  of  the  applicability  of  the  model,  and  in  terms  of  how  the  results 
have  been  interpreted.  For  example! 

e  Random  tracking  oommands  are  difficult  to  relate  to  operational  experience. 

e  Much  pilot  activity  and  concern  is  with  the  ability  to  make  precision  discrete 
changes  in  aircraft  attitude,  flight  path  or  flight  condition.  These  cannot  be 
represented  in  a  time-invariant  manner. 

e  Flight  simulation  and  pilot  —  vehicle  analysis  of  a  continuous  tracking  task 
are  not  representative  of  the  full  scope  of  aircraft  flying  qualities  and  in  no 
sense  "do  the  whole  job. " 

e  The  common  praotloe  of  obtaining  pilot  ratings  during  highly  restricted  pre¬ 
cision  traoklng  flight  simulations  has  led  to  the  tnoorrect  assumption  that 
these  ratings  reflect  an  overall  rating  of  the  alroraft  dynamics  simulated. 
Ratings  obtained  Ln  this  way  reflect  only  compensation  aspects  of  workload, 
and  pilot  estimates  of  performance  are  based  only  on  experience  durLng  the 
flight  simulation,  which  is  not  comparable  to  aotual  flight  experience.  For 
these  reasons,  pilot  rating  prediction  methods  that  are  adjusted  to  suoh  simu¬ 
lation  data  cannot  be  regarded  as  validated  predictors  of  overall  ratings  ob¬ 
tained  from  flight  test. 

e  The  rellanoe  on  single  task  continuous  prediction  methods  assumes  that  fly¬ 
ing  qualities  of  an  airplane  can  be  fully  studied  by  looking  at  eaoh  piloted 
task  component  separately,  It  is  now  widely  recognized  that  the  pilot  has 
available  limited  attention,  sen  scry,  and  motor  information  channel  oapaol- 
tles  whloh  produce  task  interference  effects  that  are  severe  limitations  on 
performance  In  multi-task  flight  suoh  as  landing  and  weapon  delivery. 

e  A  practical  limitation  on  the  use  and  acceptance  of  single  task  time-invariant 
pilot  —  aircraft  prediction  methods  has  been  the  failure  of  most  studies  on 
the  subject  to  subordinate  the  specific  model  components  to  the  overall  con¬ 
cerns  of  what  the  aircraft  does,  and  how  well  a  pilot  can  make  it  perform. 

•  Reports  on  pilot-aircraft  methods  often  present  elaborate  arguments  concern¬ 
ing  model  parameters  rather  than  derive  time  domain  statistics  and  proper¬ 
ties  that  can  be  related  to  flight  simulation  and  flight  test.  As  long  as  this 
tendency  persists,  the  aircraft  control  design  community  will  continue  to  re¬ 
gard  pilot  —  aircraft  methods  as  simply  "pilot  modeling,"  an  esoteric  subject 
not  fully  responsive  to  design  and  development  requirements. 

It  was  Indicated  above  that  a  pilot's  oontrol  of  an  airplane  oan  be  oonvenlentiy 
classified  in  generic  terms  of  whether  his  particular  flight  task  is  continuous  steady- 
state  or  transient  and  intermittent,  and  whether  he  is  faoed  with  only  one  attention 
demand,  or  if  several  Independent  activities  are  under  his  oontrol.  The  authors  have 
recently  completed  a  study  for  the  USAF  Flight  Dynamics  Laboratory  that  demonstrates 
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how  these  categories  of  flying  qualities  problems  can  be  studied  in  accordance  with  the 
above  principles.  Reference  3  presents  a  comprehensive  account  of  these  methods, 
and  Reference  9  gives  a  brief  summary  of  these  results  along  with  examples  of  how 
flying  qualities  prediction  methods  osn  be  developed. 
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Abatract 

In  moat  target-tracking  experiment*  the  operator  control*  a  reticle  eight  to 
poaltlon  the  croaa-halra  on  the  aloulated  target*  Our  atudy  focuaed  on  the 
human'*  ability  to  control  not  the  aight,  but  the  projectile  path— 1.*.,  the  gun 
itself. 

Six  trained  aubjecta  tracked  a  aimulated  target  airplane  on  a  CRT  during  a 
atraight-and-laval  paaa.  The  aubjecta  tracked  without  a  reticle  aight  but  were 
provided  with  feedback  of  miaa-diatance  in  the  form  of  alaulatad  tracer  round* 
on  the  CRT  acraen.  Three  experimental  condition*  were  investigated i  (a)  the  full 
atraem  of  tracer*  la  vlaible;  (b)  only  th*"tip"  of  the  atream  (i.a.,  the  one 
tracer-round  cloaet  to  the  target)  la  visible!  (c)  the  full  atream  of  tracer* 
la  vlaible,  plua  lead-angle  information  in  the  form  of  e  reticle  aight. 

The  experimental  reaulta  are  preaanted  and  comparison*  are  made  among  the 
tracking  performance  charecteriatica  under  the  different  condition*.  Some 
conjecture*  and  auggeatlona  for  further  reaaarch  are  Included. 

Introduction 

In  moat  Anti-Aircraft  tracking  experiment* ,  the  operator  control*  a  reticle 
eight  to  poaltlon  a  croaa-halra  on  a  aimulated  target.  The  hypothetical  "gun" 
la  aaaumad  to  point  ahead  of  the  target,  the  lead  angle  computed  in  soma  manner 
auch  that  a  round  fired  now  would  aubaequontly  Impact  the  target.  The  projectile'* 
belli* tic  path  ia  never  aeen  by  the  aubjaet. 

In  the  experimental  inveatigatlon  reported  here,  the  aubjecta  war*  provided 
with  feedback  of  hit  performance  (mlea-dlatance)  in  the  form  of  aimulated  tracer 
rounds.  From  analytic  and  modelling  viewpoint*,  tracer*  are  quite  lnteraating 
as  the  error  information  that  they  provide  la  discrete,  tima-delayed,  and  non¬ 
stationary  (as  the  time-delay  ia  range-dependent).  In  addition,  the  human  operator 
must  do  his  own  lead-angle  prediction,  thereby  making  the  tracking  taak  quite 
difficult.  To  document  manual  tracking  performance  with  tracera,  and  to  provide 
the  neceaaary  data-base  for  future  analytic  work,  we  conducted  a  set  of  experiments 
in  which  the  target  (a  low-flying  aircraft)  and  the  tracers  were  presented  to  the 
subjects  aa  Images  on  a  CRT  screen.  The  subjects'  control  input*  were  sampled  and 
stored  for  off-line  analysis  of  tracking  performance. 

1.  Experimental  Set-Up 

Our  experimental  facility  consists  of  a  DEC  PDP-11/60  computer,  coupled  with 
a  V8-60  High  Performance  Graphics  System.  The  graphics  unit  provide*  refreshed 
vector  images  of  extremely  high  quality  on  a  21- inch  CRT  screen.  To  sample  the 
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subjects'  control  Inputs  we  use  Air  7orc*-type  control  grips  which  srs  wired  into 
the  computer ' s  processor  vie  A/D  convsctsrs.  The  control  slgnels  ere  digitised 
with  a  12-bit  resolution  (one  pert  In  4096) . 

lech  subject  In  our  experiments  wes  seated  In  front  of  the  21-inch  CRT  scream. 
With  the  right  hand,  the  subject  manipulated  e  force-ectueted  (Isometric)  control 
stick  which  gensretsd  a  rets  commend  to  the  simulated  gun  pointing  angle.  The 
control  stick  gain  wes  set  to  tha  value  which  had  been  judged  "most  comfortable" 
during  the  shakedown  runs. 

Tha  forcing  function  0_(t)  was  the  position  of  a  delta-shaped  target  image 
during  a  atralght-and-levelflyby.  The  target  waa  assumed  to  be  at  a  constant 
altitude  of  200  ft.,  moving  from  left  to  right  at  a  constant  velocity  of  200  mph, 
with  a  cross-over  range  of  700  ft.  At  a  display-gain  value  of  1.0  these  parameters 
provided  th*  best  trade-off  among  image  slae,  8-  and  8-  v target  angular  velocity  and 
angular  acceleration,  respectively) .  4 

The  subject  was  assumed  to  alt  between  two  AA  guns,  4  ft.  apart.  These 
simulated  guns  produced  two  parallel  tracer  streams  on  the  CRT  screen.  Tracers 
were  produced  et  a  constant  rate  of  ,5  pairs/ second  throughout  the  run;  the  subjects 
had  no  control  over  the  simulated  firing  rate.  The  musile  velocity  of  the  tracera 
was  set  to  2000  fpa  and  they  moved  in  a  ballistic  trajectory  under  the  influence 
of  earth  gravity.  Secondary  effects  due  to  air  resistance,  gyroscopic  precession, 
spin  and  wind  wars  neglected.  The  resulting  equations  of  motion  of  tracer  1  ere, 

them  i  l  i  i 

x*(t)  ■  x  (0)  +  Vp  *  cost  •  einy  *  t 

yi<t)  -  y^O)  +  Vp  •  sint1  •  t  -  1/2  gt2 

ai(t)  ■  a4(0)  +  Vp  •  cost1  •  cosy1  •  t 

where  (x,y,s)  is  e  cartesian  coordinate  system  centered  et  the  subject  with  x 
parallel  to  tha  flight-path  of  the  target  (positive  to  the  right),  y  vertical 
(positive  up)  and  a  completing. a  left-handad  triad;  V  is  the  mussls  speed  of 
the  tracers  (2000  fps),  c1  and  y*  are  the  values  of  tha  fun's  elevation  and  asimuth 
angles,  respectively,  when  tracer  i  was  fired,  t  is  tracer  l's  time  of  flight 
end  g  is  the  gravltional  accalaretion  (32.2  fps/sec). 

Because  of  the  inherent  limitations  of  a  flat,  two-dimensional  screen  in  pro¬ 
viding  depth  cues,  tracers  were  "terminated"  (i.e.,  their  images  were  removed  from 
tha  screen)  when  they  reached  a  slant  range  equal  to  the  target's  slant  range.  Thus, 
to  minimise  tracking  error, +  or  "hit  score",  the  subjects  had  to  point  the  "gun"  in 
such  a  way  that  the  end  of  the  tracer-stream  coincided  with  the  target's  image. 

The  positions  (in  inertial  specs)  of  the  simulated  target  and  of  each  tracer 
were  computed  in  reel  time.  The  corresponding  coordinates  of  their  images  on  the 
r~  ■-  ■  —  — — - 

In  the  present  context  "tracking  error"  is  defined  as  tha  angular  distance  between 
the  target  and  tracer  stream  endpoint  as  seen  by  the  subject.  "Pointing  error"  refers 
to  the  angle  between  the  gun's  present  position  end  the  perfect  position  required  for 
e  "hit"  after  e  tlme-of-fllght.  Thus,  present  pointing  errors  give  rise  to  future 
tracking  errors. 
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graphic*  scraan  wera  updated  at  a  rata  of  20/ second.  The  subjects'  control  inputs 
in  both  asimutfa  <x)  and  elevation  (y)  axes  vara  sampled  at  tha  same  rata  of  20/aac- 
ond  and  stored  in  individual  disk  files  for  off-line  processing.  Each  run  lasted 
about  25  seconds  and  produced  512  datum  points  of  each  sampled  variable. 

Three  experimental  conditions  war*  Incorporated  in  the  design,  as  follows i 

Condition  A;  Subject  tracks  ths  target  with  a  stream  of  tracers,  plus  a  sat  of 
cross-hairs  which  provides  lead-angle  information  (Fig.  1), 

Condition  Bt  Subject  tracks  ths  target  with  a  stream  of  tracers.  No  lead  infor¬ 
mation  la  provided  (Fig,  2), 

Condition  Ct  Subject  see*  only  Che  end-point  of  the  stream  of  tracers,  displayed 
as  a  cross  (Fig,  3), 

Under  Condition  A,  lead  angle  information  was  computed  in  real  time  based  on  the 
target's  present  position  and  velocity.  This  information  was  presented  to  the 
subject  in  the  form  of  crosshairs  on  the  screen)  Whan  the  crosshairs  were  aligned 
with  ths  target's  image,  the  tracer  round  just  then  leaving  the  gun  would  hit  tha 
target  in  a  few  seconds  (tima-of-f light) .  The  crosshairs  were  not  stationary  on 
the  screen,  since  the  lead  angle  is  a  function  of  the  target's  present  range, 
relative  velocity,  etc,  The  subject  thus  receives  dynamic  information  as  to  where 
to  point  the  "gun", 

Under  condition  B,  there  was  no  reticle,  gun-sight  or  cross-hairs  display.  The 
subjects  tracked  the  target  in  much  the  same  way  as  a  firefighter  would  control  the 
stream  of  water  coming  out  of  his  hose,  Under  Condition  C,  the  stream  of  tracers 
was  not  visible  on  the  screen;  a  visible  cross  denoted  the  instantaneous  end-point 
of  the  "invisible"  tracers-* cream  and  the  subject's  task  was  to  place  this  cross 
on  tha  target  image. 

Each  subject  received  sufficient  training  in  tracking  under  the  above  conditions 
one  condition  at  a  time.  When  a  subject's  performance  under  an  experimental 
condition  reached  the  desired  level  he  was  presented  with  15  identical  formal  runs 
under  that  condition  before  proceeding  to  ths  training  phase  under  the  next  condition 
Each  subject  thus  participated  in  a  total  of  65  formal  runs,  The  order  of  presenta¬ 
tion  of  the  experimental  conditions  was  counter-balanced  among  the  subjects. 

Six  subjects,  all  University  of  Connecticut  students,  participated  in  the 
formal  experiment,  All  ware  male,  right-handed,  with  normal  vision,  and  between 
the  agea  of  21-25,  Five  were  Air  Force  ROTC  cadets;  two  had  flying  experience,  five 
had  sharp-shooting  experisnee. 

All  of  the  subjects  were  highly  motivated.  To  further  increase  their  motivation 
however,  an  imaginary  5'  x  9'  "bulls-eye"  was  assumed  at  tha  center  of  the  30'  x  15' 
target  aircraft:  Only  tracers  which  terminated  at  this  reduced  bulls-eyc  were 
counted  as  "hits".  At  the  end  of  each  run  the  number  of  hits  scored  was  displayed 
on  the  screen  (no  other  performance  feedback  was  provided)  and  the  subject  was 
encouraged  to  try  to  do  better. 

Five  variables  were  sampled  and  stored  during  each  formal  run:  The  (x,y,s) 
coordinates  of  each  tracer  as  it  reached  a  slant  range  equal  to  the  target's,  and 
the  control  stick  inputs  in  asimuth  and  elevation,  Note,  howavar,  that  tha  variable 
of  greataat  interest,  namely,  the  tracking  error  or  miss  distance,  was  not  recorded. 
This  variable  could  be  reconstructed  from  the  recorded  data  off-line  and  thus,  in  an 


attempt  to  minimise  disk  storage  requirements,  wee  not  stored  explicitly. 

Tracking  error  (or,  more  aecuratoly,  "ala a  angle")  could  be  computed  from 
the  coordinates  of  the  "laat"  tracer  (that  le,  the  tracer  which  had  just  reached 
the  target's  slant  range) s  As  the  target's  trajactory  was  deterministic  Its  coor¬ 
dinates  could  be  computed  and  compared  with  the  coordinates  of  the  corresponding 
"Last"  tracer,  to  yield  angular  error.  This  approach,  however,  was  abandoned  for 
three  main  reasons t 

1.  Thera  Is  no  guarantee  that  a  tracer  would  reach  a  slant  range  equal  to  the 
target's  every  sampling  Interval  (1/20  see.)* 

2.  At  a  mussle  velocity  of  2000  fps  a  tracer  travels  about  100. ft.  during  each 
sampling  Interval!  the  target  travels  approximately.  liS  ft.  In  the  same  time.  Thus 
a  tracer's  coordinates  are  accurate  to  within  +  50  ft.,  and  the  target's  to  within 
±  7.5  ft.,  yielding  Inaccuracies  and  noise  in  the  resulting  miss  angle.  Although 
these  inaccuracies  may  be  minimised  by  some  curve-fitting  Interpolation  technique, 
the  procedure  Is  complicated  and  cumbersome. 

3.  This  technique  yields  a  value  for  the  miss  angle,  e(t),  at  time  t  when  a 
tracer  reaches  the  target's  slant  range.  As  far  as  ths  subject's  performance  Is 
concerned,  however,  the  error  Is  attributable  to  th*  time  (t-t)  when  that  traeer 
left  ths  gun,  t  being  the  tracer's  time  of  flight.  The  time-shift  t  Is  not 
constant,  and  It  Is  a  function  of  the  target's  slant  range.  As  a  consequence, 
translating  ths  error  sequence  e(t)  in  time  to  generate  the  sequence  e(t-x)  may 
prove  to  be  a  complicated  and  cumbersome  proposition. 

Instead,  a  different  algorithm  was  employed  to  compute  the  gun-polntlng  error « 

Baeed  on  the  target's  trajectory,  (which  was  deterministic)  a  sequence  of  perfect 
leed-angles  was  generated  off-line,  i.s.,  angles  at  which  the  sun  should  be 
pointing  In  order  for  the  tracer  Just-then  being  fired  to  hit  the  target.  These 
values  were  subtracted  from  the  corresponding  (recorded)  actual  control  inputs  to 
yield  the  desired  pointing-error  sequence. 

Whan  the  target's  motion  la  completely  known  (as  It  was  in  our  experiments), 
and  when  the  computation  of  the  lead-angles  sequence  is  based  on  that  known 
target  motion  (as  It  was  In  this  case),  then  It  can  be  shown  that  the  gun-pointing- 
error  sequence  Is  equivalent  to  the  sequence  e(t-i)  of  Item  (3)  above.  In  other 
words,  a  gun-pointing-error  e^  at  the  time  a  tracer  leaves  the  gun  gives  rise  to 
an  equal  miss-angle  when  that  tracer  reaches  the  target's  slant  range,  t  seconds 
later. 

As  a  check,  the  two  methods  (that  of  "miss  angles"  and  that  of  "pointing 
errors")  were  compered.  They  proved  to  be  equivalent,  apart  from  the  time-varying 
time-shift  t.  However,  the  lead-angle,  gun-polnting-arro«  method  produced  notice¬ 
able  smoother  results.  All  the  results  shown  in  this  paper  in  graph  form  are  gun- 
polntlng-errors,  derived  by  the  lead-angle  method. 

2.  Results  and  Discussion 

As  a  first  step  in  analysing  the  results  ths  data  were  aggregated,  i.e., 
point-by-point  ensemble  means  and  maan-aquaras  were  computed.  We  utilised  a 
sequential  approach  to  the  computation,  by  which  the  mean  mjj^  of  the  j-th  point 
(0<J <512)  of  k+1  runs  was  computed  from  mj[  by 

mj+i  -  (mj  •  k  +  4+1)  /  (k+1) 
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where  .  It  the  value  of  the  j-th  point  In  the  (k+l)-th  run,  and  ■  sf, 

1  -  1,  $,...,512.  1 

Tha  mean-square  q£+1  waa  computad  similarly  from  q£  by 

4+1  m  <4  '  k  +  1  <k+l> 

and  tha  unbiaaad  estimate  of  tha  variant a,  v^,  waa  than  found  from 

4  -  (qj  -  (m£)2)  *  k^k”l> 

Outliara  wara  idanfcifiad  and  ramovad  prior  to  tha  averaging  prooaaai  Aa  tha 
CRT  aoraan  aubtandad  a  viaual  angla  of  approxlmataly  t  13',  tracking  arrora  of 
magnltuda  larger  than  13*  indicated  loaa  of  tha  target's  image,  We  aat  tha  cut-off 
point,  aomawhat  arbitrarily,  at  3  aacondat  Any  run  containing  a  tracking  error 
(in  either  axis)  in  axeaaa  of  13*  for  more  than  3  aaeonda  waa  lablad  an  outlyar 
and  removed  from  tha  atatiatlca,  A  total  of  five  runs  wara  thua  removed  (1  from 
Condition  "B"  and  2  each  from  Condltlena  "A"  and  "C").  Tha  eurvlvlng  runa  are 
shown  in  Flga,  A  -  6.  Aa  expected,  tracking  performance  waa  beat  under  Condition  "A" 
(praaanca  of  lead-angle  Information).  Unexpected,  however,  ware  aoma  chareetarlatloa 
of  tha  data,  auch  aat 

1.  Tha  tracking  performance  with  only  and-point  information  la  much  woraa  than  tha 
performance  whan  tha  full  tracer-atream  la  vialblat  Peak  aaimuth  arrora  under 
Condition  C  era  three  tisaa  larger  than  tha  corraapondlng  error  under  Condition  B. 
This  fact  came  to  us  as  an  unexpected  surprise,  aa  tha  traeer-atraam  had  not  bean 
thought  to  contain  useful  Information  apart  from  its  and  point,  Obvloualy,  It  does, 
and  this  may  be  a  useful  area  for  future  investigation. 

2.  Tha  runa  commenced  with  a  non-saro  initial  error,  both  in  aaimuth  and  in 
elevation,  of  about  1*.  Invariably,  this  initial  arror  affected  an  overshoot  of 
about  2*  under  conditions  B  and  C  (there  was  no  ovarahoot  with  lead-angle  informa¬ 
tion),  indicating  parhaps  aoma  lack  of  tightness  in  tha  control  loop  even  in  thla 
region  of  so-called  "good  tracking". 

3.  Tha  arror  variance  exhibits  an  interesting  behavior i  Under  Condition  A 
(lead-angle  Information)  it  is  low  throughout,  except  for  aoma  increase  in  tha 
cross-over  region,  under  conditions  "B"  and  (especially)  "C",  however,  the  vari¬ 
ance  showa  a  tendency  to  increase  with  time  (figs.  5-6).  Thla  tendency  waa 
especially  evident  in  individual  subjects'  atatiatlca  where  this  trend  waa  not 
masked  by  inter-subject  variability  (Pig.  7). 

The  phenomenon  of  an  increased  variance  without  a  correlated  change  in  the 
mean  la  typical  of  unatabla  oscillatory  behavior,  auch  aa  oscillations  with  in¬ 
creasing  amplitude.  Xeeplng  in  mind  the  nature  of  the  teak,  namely,  tracking  a 
moving  target  with  a  atream  that  la  in  effect  a  long  end  flexible  "hose",  one  can 
auspect  such  instability  aa  the  "hose  length"  increases.  It  may  be  rooted  in  tha 
increasing  time-delay,  which  effects  a  limit-cycle  behavior  equivalent  to  pilot- 
induced  oacillationa  (¥10) .  It  ia  less  elaar  why  this  behavior  la  more  pronounced 
under  Condition  "C",  with  only  end-point  Information,  aa  compared  to  Condition  "B" 
(full  atream).  The  question  of  the  particular  mechanism  of  the  damping,  evident 
when  the  full  tracer  atream  is  visible,  as  well  aa  tha  cauael  relationship  between 
the  magnitude  of  the  time-delay  and  the  instability,  remain  yet  to  be  explored. 
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Pig.  1.  Display  Format  for  Experimental  Condition  "A1 
(Tracer  Stream  and  Lead-Angle  Information). 
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Fig.  3.  Display  Format  for  Exparlmantal  Condition  "C" 


("Xnvialbla"  Tracar  Straam,  Vislbla  End-Point). 


ANALYSIS  OF  A  TRACER  FIRE  SYSTEM  AS 
A  MAN-MACHINE  PROBLEM 


D.  W.  REPPERGER  M.  M.  VIKMANIS 

Aerospace  Medical  Research  Laboratory 
Wrlght-Patterson  Air  Force  Base,  Ohio  45433 


ABSTRACT 

A  study  Is  conducted  on  data  from  a  tracer  fire  system  (Anti-Aircraft 
Artillery  Simulation).  Treating  this  problem  within  the  context  of  a 
man-machine  system,  the  effective  closed  loop  capability  Is  studied  by 
determining  critical  characteristics  of  the  target  forcing  function  which 
specifies  when  the  human  has  control  of  the  total  man-machine  system.  A 
decision  rule  based  on  properties  of  the  closed  loop  tracking  error  Is 
determined. and  used  to  study  the  limitations  of  the  man-machine  Interaction 
with  respect  to  different  target  forcing  functions.  A  comparison  Is 
made  using  this  approach  between  a  good  and  poor  tracker.  The  effect  of 
tracking  with  and  without  a  lead  angle  computer  Is  studied  for  one  of  the 
three  trackers  considered  here. 

Introduction 


In  the  study  of  a  manned  weapon  within  the  context  of  a  man-machine 
system.  It  Is  desired  In  some  applications  to  obtain  a  physical  description 
of  the  effective  capability  of  the  closed  loop  Interaction.  The  approach 
considered  here  will  Involve  the  determination  of  a  critical  boundary  to 
ascertain  upper  and  lower  bounds  of  special  characteristics  of  the  target 
forcing  function  which  may  lead  to  different  types  of  tracking  behavior. 
Such  a  method  has  been  discussed  In  Cl!)  and  allows  a  procedure  to  detormlne 
limits  of  tracking  capability  In  a  manner  analogous  to  a  critical  task 
situation  C2] .  It  Is  the  purpose  of  this  study  to  apply  this  heuristic 
method  as  described  In  Cu  to  a  tracking  task  of  some  complexity  to 
develop  results  which  may  have  ease  of  Interpretation  In  terms  of  real 
world  applications. 


The  Tracer  Fire  Problem 


The  man-machine  problem  considered  here  is  termed  a  tracer  fire  problem. 
Figure  (1)  Illustrates  an  analogy  to  this  different  type  of  tracking  task 
and  Illustrates  how  the  human  Interacts  In  this  tracking  situation  with 
various  types  of  Information  sources.  In  Figure  (1),  the  analogous 
task  considered  here  Involves  a  human  given  the  problem  of  trying  to 
maneuver  a  hose  which  contains  a  stream  of  water.  The  subject  manipulates 


the  hose  In  such  a  way  as  to  direct  the  stream  of  water  to  strike  a  target 
at  a  time  h  seconds  from  when  the  water  leaves  the  nozzle  of  the  hose.  The 
target  lies  In  a  direction  perpendicular  to  the  direction  of  the  stream  of 
water.  For  a  direct  hit,  the  stream  of  water  arrives  at  the  end  point  In 
h  seconds;  therefore,  the  goal  of  this  tracking  task  Is  for  the  target  also 
to  arrive  at  this  termination  point  In  the  same  amount  of  time.  The  strategy 
for  the  subject,  therefore,  Is  to  aim  the  hose  In  front  of  the  target  which 
Is  moving  at  right  angles  to  Its  path.  The  subject  can  obtain  rate  Information 
from  the  stream  of  water  as  to  how  the  error  in  Figure  (1)  Is  nulled  as  a 
result  of  movements  of  the  hose  nozzle.  As  Is  seen  In  this  diagram,  three 
types  of  Information  are  available  to  the  tracker.  The  subject  has  the 
position  of  the  nozzle  as  one  source  of  Information •  the  visual  display  of 
the  stream  of  water  Is  a  second  source  of  Information,  and  the  error  perceived 
(e(t))  at  the  Intersection  of  the  target  and  the  stream  of  water  Is  a  third 
source  of  Information, 

Figures  (2a-c)  represent  elements  of  a  tracer  fire  system  which  Is,  In 
many  ways,  analogous  to  the  tracking  problem  depicted  In  Figure  (1).  Figure 
(2a)  crudely  represents  the  tracer  fire  system  In  block  diagram  form.  The 
human  operator  Is  Involved  In  controlling  the  simulation  of  a  gun  system 
on  the  ground,  He  has  available  display  Information  of  various  kinds  (Figure 
(2c)).  The  human  generates  a  crank  response  which  changes  the  position  (0B) 
of  the  gun  which  tries  to  follow  the  target  flyby  From  the  display,  the 
human  obtains  diverse  Information  such  as  gun  position,  tracer  position  as 
a  function  of  time,  and  the  position  of  the  target  aircraft.  Figure  (2c) 
Illustrates  this  display.  The  tracking  problem  of  Interest  to  the  human 
operator  Is  to  .null  the  error  ei-e2  which  produce*  a  direct  hit  on  the  target 
at  the  target  range. 

Figure  (2b)  Illustrates  a  more  detailed  block  diagram  representation 
of  Figure  (2a).  In  Figure  (2b),  the  human  operator  has  available  the  error 
e,  between  the  gun  barrel  and  the  plane,  The  tracker  also  has  available 
tne  error  e2  which  Is  the  difference  between  the  gun  position  and  point 
at  which  the  tracers  Intersect  the  target  slant  range.  In  Figure  (2b), 
the  gun  system  with  a  rate  control  system  Is  modeled  as  a  c/s  system.  The 
right-hand  optics  display  that  the  human  observes  has  Or  (the  aircraft 
target),  ©p  (the  display  of  the  tracers),  and  ©B  (the  position  of  the  gun 
barrel)  available  to  the  human.  It  Is  from  these  various  sources  of 
Information  that  the  human  will  choose  a  strategy  to  track  this  difficult 
type  of  problem. 

For  the  experiment  considered  here,  three  trackers  were  used  In 
this  analysis.  Two  modes  of  operation  were  also  considered  (lead  angle 
computer  and  manual  tracking).  In  the  manual  tracking  mode,  the  human 
viewed  the  target  on  the’ display  and  tracked  the  optical  display  errors 
as  Indicated  In  Figure  (2c),  In  the  lead  angle  computer  mode,  the  lead 
angle  computer  generates  a  signal  which  moves  the  gun  In  a  direction 
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proportional  to  the  target  plane  movement  across  the  display.  That  Is,  the 
computer  generates  a  lead  angle  based  on  a  constant  target  velocity  and  range 
during  the  projectile  tlme-of- flight.  The  tracking  task  In  this  mode  of 
operation  Is  somewhat  easier  because  the  human  only  has  to  null  out  the  error 
between  the  center  line  of  the  sight  and  the  target}  this  Is  a  standard 
compensatory  tracking  task.  A  procedure  for  obtaining  an  analytical  technique 
to  study  this  type  of  tracking  problem  Is  presented  next. 

An  Analytic  Procedure  for  Studying  this  Tracking  Task 

A  heuristic  approach  for  analyzing  this  typo  of  tracking  task  can  be 
obtained  by  studying  Figures  (3a«c)  and  Figure  (4).  Figure  (3a)  represents 
typical  trajectories  which  represent  the  Azimuth  component  of  the  target 
trajectory.  Figures  (3b-c)  represent,  respectively,  the  velocity  and 
acceleration  of  the  target  trajectory.  In  Figure  (4),  the  velocity  and 
acceleration  of  f(t.)  are  plotted  parametrically  with  time.  A  circle  of 
radius  Ri  Is  drawn  In  Figure  (4)  to  delineate  two  regions  (R,  and  R2). 

It  Is  assumed  here  (as  In  Clj")  that  region  1  which  Is  Inside  of  the 
circle  Is  the  relatively  easy  segment  of  the  tracking  task  since  the 
target  flyby  Is  slow  In  terms  of  velocity  and  acceleration.  The  region 
R2  (which  Is  outside  the  circle)  represents  the  time  period  when  the  forcing 
function  Is  difficult  to  track.  By  parametrically  studying  the  forcing 
function  In  Figure  (4),  the  regions  R,  and  R2  will  describe  when  the  target 
forcing  function  becomes  too  difficult  to  track. 

When  observing  Figures  (3a-c),  Figure  (5)  1$  then  constructed  to  be 
a  qualitative  representation  of  how  a  human  behaves  during  this  type  of 
tracking  task.  The  first  and  third  segments  of  the  tracking  task  In 
Figure  (5)  represent  the  regions  where  tracking  Is  easy.  This  Is  seen 
to  be  true  from  Figures  (3b-c)  when  the  velocity  and  acceleration  of 
f(t)  are  relatively  small.  During  the  middle  third  of  the  tracking  task, 
however,  the  velocity  and  acceleration  of  the  forcing  function  are  large, 
which  Is  representative  of  a  fast  moving  target.  It  Is  during  this  middle 
segment  when  It  Is  difficult  to  track  and  the  human  will  tend  to  lower  his 
gain;  a  qualitative  description  of  this  behavior  may  be  termed  "rearesslon 
period."  This  Is  analogous  to  crossover  regression  reported  In  L3J. 

The  manner  In  which  It  Is  easy  to  detect  when  a  human  moves  from  region 
1  to  region  2  can  be  observed  In  the  error  phase  plane  (Figure  6).  During 
the  easy  portions  of  the  tracking  task,  the  error  signal  oscillates  about 
the  origin  In  a  small  ellipse,  When  the  closed  loop  error  diverges 
significantly  from  the  origin,  the  human  has  regressed  and  here  It  Is 
assumed  that  he  has  entered  a  different  mode  of  tracking  behavior.  Figure 
(7)  Illustrates  the  two  regions  considered.  It  Is  necessary  In  this  analysis 
to  determine  the  boundary  of  the  ellipse.  Several  methods  exist  In  the 
determination  of  this  boundary.,  Figure*  (8a-c)  illustrate  a  heuristic  method 
considered  In  this  study. 
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Figure  (8a-c)  the  mias  distance  of  error  was  plotted  versus 
By  definition  (  Figure  (9)): 
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where 


d1  ■  Sin  ^  Cos  -  Sin  <|>2  Cos02  (3) 

dj  ■  Sin  ^  Sin  01  -  Sin  $2  Sin62  (4) 


d^  “  Cos  <Jj ^  -  Coe  ^  (5) 

Where  R  Is  slant  range,  ^and  6/  <i«i,2)  are  the  spherical  coordinates  ,and  c 
the  difference  In  position  between  the  point  at  which  the  tracers  disappear 
and  the  aircraft,  which  represents  total  error  distance.  From  Figure  (8a), 
a  nominal  value  of  error  Miss  Distance  Is  determined  when  the  man-machine 
system  Is  tightly  closed.  When  the  closed  loop  error  exceeds  three  times 
the  nominal  amount,  the  time  t,  Is  determined,  Projecting  this  time  down 
on  the  plots  of  f  and  f  yields  values  of  f(t, )  and  f(ti)  when, the  tracking 
task  Is  very  difficult.  In  this  manner  the  regions  of  the  f-f  plot  of 
Figure  (4)  can  be  approximated  by  plotting  the  critical  region  from  a 
catalog  of  values  obtained  from  this  procedure.  The  results  of  this  analysis 
procedure  are  presented  next. 


Results  of  This  Analysis  Procedure 

Using  this  approach  on  five  different  flyby  functions  (termed  2x2 
flyby,  zig-zag,  jink,  weapon  delivery,  and  recon),  the  results  are  displayed 
In  Table  1.  Three  trackers  were  chosen  (#33,  #80,  and  #93)  and  they  were 
classified  as  best  tracker,  mediocre  tracker,  and  worst  tracker  based  on 
performance  analysis  using  measures  of  performance  such  as  time  on  target. 

In  Table  I,  these  results  are  displayed  for  the  lead  angle  computer  tracking 
mode. 


Table  II  considered  all  five  flyby  functions  In  both  the  Azimuth  and 
Elevation  axis  for  the  same  three  trackers  without  the  lead  angle  computer. 

It  Is  noted  that  In  Table  II,  the  order  of  performance  hlerachy  of  the 
trackers  differed  with  the  lead  angle  computer  as  compared  to  no  lead 
angle  computer. 

Figures  (lOa-b)  Illustrates  the  plots  obtained  from  this  procedure.  In 
plot  (10a),  a  comparison  Is  made  between  a  good  and  poor  tracker.  Since 
five  different  flybys  were  considered,  the  region  Is  enclosed  within  five 
sample  points  to  determine  the  critical  boundary.  It  Is  noted  that  the  good 
tracker  has  a  larger  region  of  possible  forcing  functions  he  can  track  as 
compared  to  the  poor  tracker,  l.e.,  the  class  of  possible  target  trajectories 
Is  quantified  In  Figure  (lOa)  and  each  tracker  Is  explicitly  quantified  by 
the  trajectories  he  can  track.  Also,  a  technology  of  possible  target 
trajectories  is  displayed  which  Is  beyond  the  capability  of  the  manned  gun 
system.  Also  obtained  from  this  analysis  proi-Hnred  Is  a  quantitative 
definition  of  the  class  of  possible  trajector  ho  manned  gun  system 
can  follow. 
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Figure  (10b)  Illustrates  a  comparison  of  a  lead  angle  computer  tracking 
mode  versus  a  non-lead  angle  computer  tracking  mode  for  tracker  #93.  One 
can  see  from  this  figure  the  advantage  of  using  the  lead  angle  computer  and 
how  It  improves  the  capability  of  the  man-machine  system.  One  notes  that  the 
lead  angle  computer  extends  the  tracking  region  substantially  by  changing 
the  type  of  tracking  task.  Also  from  this  figure  one  notices  that  the  class 
of  flybys  where  the  lead  angle  computer  Improves  the  capable  tracking  region 
and  quantitatively  defines  when  the  lead  angle  computer  Is  advantageous 
over  optical  (manual)  tracking.  Also  from  a  tactics  point  of  view,  Figures 
(lOa-b)  Illustrate  what  type  of  tactlea  are  necessary  to  beat  the  man- 
machine  system.  The  class  of  tactics  which  beats  the  manual  system  appears 
less  than  for  the  lead  angle  computer.  We  therefore  have  a  quantification 
of  these  regions. 

One  note  of  caution  Is  mentioned  now.  From  Figures  (IQa-b)  we  have  a 
crude  approximation  to  Figure  (4).  In  order  to  determine  Figure  (4)  more 
accurately,  It  would  be  necessary  to  run  a  large  number  of  different  target 
forcing  functions  to  sweep  out  the  phase  plane.  In  addition,  the  boundary 
of  Figure  (4)  Is  a  mean  of  replications  considered  In  the  analysis.  Actually 
there  exists  a  1  o  boundary  about  this  region  and  Figures  (lOa-b)  are  a  araaii 
sample  estimate  of  the  regions  of  Figure  (4),  The  critical  boundary  Is 
actually  a  random  variable  and  an  envelope  exists  around  this  boundary. 
Therefore,  In  the  validation  of  and  use  of  this  method  for  prediction,  one 
must  consider  the  fact  that  the  critical  boundary  Is  a  mean  value  and  a 
distribution  about  this  mean  value  Is  necessary  to  characterize  Its  density 
(seeDJ  for  more  specific  details). 

Summary  and  Conclusions 

A  decision  boundary  Is  obtained  which  describes  the  regions  of  the 
target  forcing  function  which  the  human  can  track  or  and  region*  where  tracking 
Is  difficult.  A  critical  boundary  Is  constructed  based  on  five  target 
trajectories  and  with  three  trackers,  and  with  two  modes  of  tracking  (lead 
angle  computer  and  no  lead  angle  computer).  This  procedure  allows  a  tactics 
technology  to  be  developed  concerning  the  capability  of  the  man-machine 
system. 
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THIS  ANALYSIS 


MANUAL  CONTROL  ASPECTS  OF  TACTICAL 
ANTIAIRCRAFT  ARTILLERY  AND 
SURFACE  TO  AIR  MISSILE  ENGAGEMENTS 


George  J.  Valentino,  Captain,  USAS' 

6570th  Aerospace  Madloal  Research  Lab  (6570  AMRL/M1A) 
Wright-Patterson  AFB,  Ohio  45433 


ABSTRACT 

The  threat  o2  AAA  (Anti-Aircraft  Artillery)  end  SAM  (Surface-To- 
Alv  Micelle)  air  defense  systems  against  aircraft  is  known.  In 
order  to  quantify  thla  threat,  many  agencies  are  spending  enormous 
resources  on  electronic  warfare  teste,  survivability /vulnerability 
analyses,  and  tactice  devalopment.  Ef force  range  from  analytic  paper 
studies  through  multi-player  field  tests.  Unfortunately,  many  times 
only  equipment  performance  is  considered.  At  the  Manned-Systems 
Effectiveness  Division  of  AMRL,  several  programs  are  underway  which 
addreas  the  biotechnology  man-machine  aspects  of  such  engagements 
including  human  operator  target  detection,  acquisition,  tracking, 
fire  control,  and  decision  making.  Man-in-the-loop  laboratory 
experiments  are  used  to  quantify  these  sub-engagements;  control 
theoretic  human  operator  models  are  then  developed  for  inclusion  in 
Air  Force  standard  computer  engagement  simulations.  This  paper  will 
address  the  scope  of  these  programs,  techniques  used,  and  results 
to  date. 
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